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XIX 
PHOTOPERIODISM 

W.  W.  Garner 
U.  S.  Department  of  Agriculture,  Bureau  of  Plant  Industry,  Washington 

Introduction.  Discovery  of  the  length-of-day  effect.  Long-day  and  short-day  plants. 
Flowering  and  fruiting  responses.  Growth  relations.  Formation  of  tubers,  bulbs,  and 
thickened  roots.  Senescence,  dormancy,  and  related  phenomena.  Morphological  and 
anatomical  effects.  The  photoperiodic  aftereffect  {photoperiodic  induction).  Supple- 
mentary artificial  illumination  and  continuous  light.  Interrelationship  of  other  environ- 
mental factors.  Effects  of  abnormal  light  periods.  The  photoperiodic  response  and 
heredity.  Photoperiodism  in  the  lower  green  plants.  Internal  conditions  of  the  plant 
in  relation  to  photoperiodism.     Length  of  day  as  an  ecological  factor.     References. 

INTRODUCTION 

Nearly  all  of  the  early  work  relating  to  the  influence  on  plants  of  the 
daily  duration  of  light  was  directed  toward  ascertaining  the  extent  to 
which  both  the  general  growth  or  increase  in  mass  and  the  development 
of  the  plant  may  be  stimulated  by  lengthening  the  normal  light  period. 
The  question  as  to  whether,  on  the  one  hand,  plants  generally  require  a 
daily  rest  period  for  normal  growth  and  development  or,  on  the  other 
hand,  are  capable  of  thriving  under  continuous  illumination  was  given 
considerable  prominence  in  these  investigations.  The  two  methods  of 
approach  consisted  essentially  in  obtaining  observations  on  plant  growth 
within  the  Arctic  circle,  where  continuous  sunlight  prevails  during  the 
summer  months,  and  exposing  plant  cultures  in  lower  latitudes  to  arti- 
ficial light  for  a  portion  or  all  of  the  night  as  a  supplement  to  natural 
daylight. 

According  to  Smith  (69)  apparently  the  first  mention  in  literature  of 
the  influence  of  length  of  day  on  plants  is  found  in  Carl  von  Linne's 
"Ron  om  vaxters  plantering  grundat  pa  naturen"  (41),  published  in 
1739.  However,  Linne  ascribes  the  rapid  growth  and  early  maturity 
attained  by  plants  in  polar  regions  to  additional  heat  supplied  by  the 
continuous  sunlight  rather  than  the  additional  light  as  such.  Schiibeler, 
in  1879  (66),  advanced  the  idea  that  the  cereals  and  other  species  of  plants 
when  gradually  transferred  from  lower  to  higher  latitudes  undergo 
definite  change  in  growth  characteristics.  They  were  believed  to  acquire 
ultimately  the  capacity  to  shorten  the  vegetative  period,  increase  the 
size  of  leaf,  produce  larger  seeds,  and  increase  their  content  of  aromatic 
and  coloring  matters.  However,  the  data  on  which  these  conclusions 
were  based  are  meager  and  inadequate.  Schiibeler  ascribed  the  observed 
effects  to  direct  or  indirect  action  of  the  additional  sunUght.     In  1880 

677 


678  BIOLOGICAL  EFFECTS  OF  RADIATION 

and  1881  Siemens  (67)  reported  results  obtained  in  the  culture  of  a  num- 
ber of  spegies  with  the  electric-arc  lamp  used  to  replace  daylight  and  to 
supplement  the  latter  so  as  to  afford  continuous  illumination.  Disclaim- 
ing any  intention  of  generalizing,  Siemens  reached  the  conclusion  that 
under  suitable  conditions  electric  light  may  effectively  replace  or  supple- 
ment daylight  and  that  plants  apparently  do  not  require  a  daily  rest 
period.  The  continuous  stimulus  of  light  was  found  to  be  favorable  for 
healthy  development  at  a  greatly  accelerated  rate  through  all  stages  of 
the  annual  life  cycle  of  the  plant  from  the  early  leaf  to  the  ripened  fruit. 
Peas  grown  under  continuous  light  produced  viable  seed. 

Kjellmann  (35),  during  a  sojourn  on  the  north  coast  of  Siberia  in 
1878  and  1879,  as  a  member  of  the  Vega  Expedition  headed  by  Norden- 
skiold,  conducted  experiments  with  the  Arctic  species,  Catabrosa  algida 
and  Cochlearia  fenesirata,  which  were  exposed  to  the  continuous  northern 
daylight  and  to  a  12-hr.  day.  As  compared  with  the  shortened  daylight 
period,  the  continuous  illumination  induced  a  more  rapid  rate  of  growth, 
and  earlier  and  more  profuse  flowering.  These  results  were  taken  to 
indicate  that  plants  may  continue  the  assimilation  processes  throughout 
the  continuous  daily  light  period,  and  as  a  result  their  development  is 
materially  hastened.  The  effects  on  flowering,  however,  were  of  a  quanti- 
tative rather  than  a  qualitative  character  and  were  not  particularly 
striking.  In  the  period  1891  to  1893  Bailey  (8)  conducted  investiga- 
tions with  electric  light  from  arc  lamps  used  for  a  portion  or  all  of  the 
night  as  a  supplement  to  daylight,  primarily  with  a  view  to  forcing  vege- 
table crops.  The  additional  light  hastened  the  growth  of  lettuce  and 
induced  early  flowering  and  formation  of  viable  seeds  in  spinach.  It 
was  concluded  that  periods  of  darkness  are  not  necessary  to  the  growth 
and  development  of  plants.  Rane  (56),  working  along  similar  lines  with 
the  incandescent  carbon-filament  lamp,  obtained  much  the  same  results 
with  lettuce  and  spinach  and  observed  earlier  blooming  in  certain  flower- 
ing plants. 

Bonnier  (9)  carried  out  experiments  with  a  large  number  of  species 
in  1894  and  1895  in  which  the  arc  lamp  was  utilized  to  produce  a  daily 
light  period  of  12  hr.  as  well  as  continuous  illumination.  Control  plants 
were  exposed  to  natural  conditions  of  light  during  the  winter  months  at 
Paris.  Comparison  of  the  experimental  and  control  material  was  based 
almost  entirely  on  anatomical  observations.  In  general,  the  continuous 
illumination  was  found  to  cause  thickening  of  the  leaf  and  leaf  stalk, 
reduction  in  size  of  leaf,  poor  development  of  mechanical  tissue  and  to 
jiroduce  a  superabundance  of  chlorophyll.  The  marked  reduction  in 
differentiation  of  tis.sues  was  considered  strongly  suggestive  of  the 
etiolated  condition  resulting  from  prolonged  exposure  to  darkness. 
Using  the  incandescent  gas  light,  Corbett  (13)  demonstrated  that  night 
illumination  as  a  supplement  to  daylight  stimulated  markedly  top  growth 
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at  the  expense  of  root  growth  in  sugar  beets,  and  by  its  use  he  obtained 
earUer  flowering  in  tomatoes.  Stimulation  of  growth  was  observed  in 
several  other  plants. 

It  will  be  observed  that,  with  the  exception  of  Bonnier,  who  dealt 
only  with  anatomical  effects,  all  of  the  above  mentioned  investigators 
found  that  accelerated  growth  and  more  rapid  development  can  be 
obtained  in  several  species  by  increasing  the  daily  light  period  even 
up  to  continuous  illumination.  In  several  instances  the  conclusion 
was  reached  that  plants  generally  do  not  require  a  daily  rest  period. 
Although  both  conclusions  may  be  regarded  as  sound  so  far  as  concerns 
the  particular  species  in  question  and  the  conditions  under  which  they 
were  studied,  as  will  later  appear,  it  is  now  known  that  neither  conclu- 
sion can  be  made  to  apply  to  all  plants.  In  the  work  of  Tournois  (75) 
with  Cannabis  sativa  and  Humulus  japonicus,  published  in  1911,  there  is 
to  be  found  the  first  definite  suggestion  that  attainment  of  the  flowering 
stage  may  be  hastened  by  a  relatively  short  rather  than  a  long  daily 
light  period.  Tournois  demonstrated  that  a  precocious  type  of  flower- 
ing which  occurs  in  very  early  spring  plantings  of  these  species  can  be 
reproduced  by  allowing  the  plants  to  receive  sunlight  for  only  6  hr.  daily. 
Apparently  this  investigator  did  not  extend  his  researches  in  this  direction. 

In  a  comprehensive  attempt  to  ascertain  the  relation  of  external 
factors  to  reproductive  processes  in  Sempervivum  Klebs  (36)  made  obser- 
vations on  the  effects  of  varying  the  daily  duration,  the  composition  and 
the  intensity  of  light.  It  is  considered  that  attainment  of  the  "ripe-to- 
flower"  stage  is  conditioned  primarily  on  an  intensive  carbon  assimila- 
tion, accelerated  transpiration,  and  a  limited  absorption  of  nutrient 
salts.  Temperature  is  of  special  importance  as  it  affects  disassimilation. 
Light  is  essential  for  the  laying  down  of  flower  primordia  and  it  functions 
in  the  formation  of  the  inflorescence  somewhat  as  in  the  first  phase  of  the 
reproductive  process.  It  was  found  that  10  to  12  hr.  of  light  per  day 
were  not  suJB&cient  to  induce  flowering  and  continuous  illumination  was 
more  effective  than  18  hr.  of  light.  Though  recognizing  that  there  can 
be  no  simple  relation  between  intensity  and  duration  with  respect  to 
light  requirements,  Klebs  finds  a  complementary  relationship  within 
Umits  and  regards  the  quantity  of  the  light  energy  as  a  decisive  factor 
in  the  initiation  and  completion  of  the  reproductive  process. 

DISCOVERY  OF  THE  LENGTH-OF-DAY  EFFECT 

In  a  paper  published  in  1920  Garner  and  AUard  (22)  presented  exten- 
sive data  demonstrating  the  importance  of  relative  length  of  day  and 
night  as  a  factor  in  the  sharply  contrasted  growth  and  development  of 
different  species  and  varieties  which  are  seen  at  different  seasons  of  the 
year  and  in  different  latitudes.  It  was  shown  that  not  only  does  the 
seasonal  and  latitudinal  change  in  length  of  day  quite  commonly  affect 
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the  growth  and  development  of  the  individual  species  or  variety,  often- 
times to  a  remarkable  degree,  but  the  type  and  the  grade  of  response  to 
relatively  long  or  short  days  may  be  very  different  in  different  species 
and  varieties.  In  this  paper  particular  attention  is  given  to  length  of 
day  in  its  relation  to  duration  of  the  vegetative  stage,  that  is,  initiation 
of  reproductive  processes,  including  both  the  quantitative  and  quahta- 
tive  phases  of  the  subject. 

As  a  background  for  their  work  these  investigators  previously  had 
been  concerned  for  some  time  with  the  peculiar  seasonal  behavior  of 
certain  varieties  of  tobacco  and  soy  beans.  A  newly  developed  form  of 
Maryland  tobacco  was  found  to  maintain  exceptional  vegetative  vigor 
through  the  open  growing  season  without  attaining  the  reproductive 
stage  when  propagated  in  the  latitude  of  Washington,  D.  C.  When 
grown  in  the  greenhouse  during  the  winter  months  this  form  of  tobacco 
made  only  moderate  growth  and  flowered  and  fruited  abundantly.  With 
certain  varieties  of  soy  beans,  plantings  at  wide  intervals  through  spring 
and  early  Summer  tended  to  flower  at  approximately  the  same  date  in 
late  summer,  the  vegetative  period  being  progressively  shortened  with 
advance  in  date  of  planting.  Experiments  in  varying  the  temperature 
and  light  intensity  having  failed  to  materially  affect  the  length  of  the 
vegetative  stage  in  the  tobacco  and  soy  beans,  the  simple  expedient  of 
shortening  by  a  few  hours  the  midsummer  daily  exposure  to  sunlight  by 
use  of  a  dark  chamber  was  tried  and  very  striking  results  were  obtained. 
The  shortened  daylight  period  quickly  initiated  flowering  in  the  tobacco 
plants  and  greatly  hastened  formation  and  ripening  of  seeds  in  cultures 
of  the  Peking  variety  of  soy  beans  which  had  already  flowered  when  the 
test  was  begun. 

The  tests  were  extended  to  a  wide  range  of  species  and  varieties  and 
various  day  lengths  were  used.  The  technique  employed  was  simple. 
During  the  open  growing  season  large  pot  or  box  cultures  of  the  test 
plants  were  excluded  from  daylight  for  portions  of  each  day  according  to 
a  fixed  schedule  and  control  cultures  received  the  full  daylight  period. 
In  regulating  the  daily  light  exposure  a  ventilated  light-proof  structure 
was  employed  and  the  cultures  were  transferred  into  and  out  of  the 
structure  by  means  of  trucks  mounted  on  steel  tracks.  Field  plantings 
of  early-,  medium-,  and  late-maturing  horticultural  varieties  of  soy  beans 
also  were  made  at  intervals  through  the  late  spring  and  summer  period  to 
observe  the  effects  of  changing  day  length.  During  the  winter  months 
bench  or  pot  cultures  in  the  greenhouse  received  each  day  supplementary 
artificial  illumination  of  low  intensity  from  late  afternoon  till  midnight, 
supplied  by  tungsten-filament  incandescent  lamps.  Control  cultures 
were  exposed  to  the  natural  daylight  only.  No  effort  was  made  to 
maintain  fixed  conditions,  but  as  far  as  could  be  ascertained  variation 
in  the  daily  illumination  constituted  the  only  important  difference  in 
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environmental  conditions  as  between  the  test  plants  and  the  controls  in 
any  particular  series  of  experiments. 

It  was  found  that  for  most  plants  the  relative  length  of  day  and  night 
is  a  very  important  factor  in  growth  and  development,  particularly  in 
its  action  in  initiating  sexual  reproduction.  On  the  other  hand,  the 
duration  of  the  vegetative  stage  in  some  species  and  varieties  was  not 
materially  affected  by  length  of  day  within  the  range  occurring  in  the 
latitude  of  Washington,  D.  C.  The  more  sensitive  plants  normally  attain 
the  flowering  and  fruiting  stages  only  when  the  length  of  day  falls  within 
certain  limits  and  consequently  these  stages  of  development  ordinarily 
are  reached  only  during  certain  seasons  of  the  year.  Of  these  plants 
some  respond  to  a  relatively  long  day  while  others  respond  to  a  short 
day.  Different  varieties  or  strains  within  the  species  often  show  marked 
contrast  in  their  day-length  requirements.  With  a  day  length  which  is 
unfavorable  for  initiation  of  reproductive  processes  vegetative  grow^th 
may  continue  for  a  prolonged  period,  while  a  favorable  light  period  may 
induce  very  early  flowering  and  fruiting.  In  this  way  certain  varieties 
or  species  become  early-  or  late-maturing,  depending  on  the  length  of 
day  to  which  they  are  exposed. 

Some  of  the  relationships  existing  between  annuals,  biennials,  and 
perennials,  as  such,  depend  in  large  measure  on  responses  to  the  seasonal 
range  in  length  of  day.  By  regulation  of  the  daily  light  period  the  annual 
cycle  of  the  plant's  activities  can  be  greatly  shortened  or  it  can  be 
lengthened  almost  indefinitely.  Certain  annuals  were  made  to  complete 
two  cycles  of  alternate  vegetative  and  reproductive  activity  in  a  single 
season.  Likewise  annuals  showed  some  of  the  growth  characteristics  of 
perennials  when  exposed  to  a  suitable  day  length.  One  of  the  out- 
standing results  obtained  is  that  reducing  the  number  of  hours  of  illumi- 
nation by  midday  darkening,  thus  subjecting  the  plants  to  two  periods  of 
illumination  daily,  is  not  effective  in  inducing  early  blossoming  in  plants 
which  readily  respond  to  a  single  daily  exposure  of  short  duration. 
Within  rather  wide  limits  the  total  quantity  of  solar  radiation  received 
by  the  plant  ordinarily  is  not  a  determining  factor  as  regards  attainment 
of  the  reproductive  stage,  that  is,  equivalent  changes  in  the  two  factors, 
intensity  and  duration  of  light,  do  not  necessarily  produce  similar  effects. 

In  the  species  studied,  including  those  in  which  flowering  is  induced 
by  a  short  day,  those  flowering  in  response  to  a  long  day  and  those  in 
which  time  of  flowering  was  not  affected  by  day  length,  the  rate  of  growth 
as  measured  by  height  attained  increased  with  increase  in  length  of  day. 
The  daily  light  period  is  believed  to  be  an  important  factor  in  the  natural 
distribution  of  plants  and  in  crop-plant  adaptation. 

The  term  photoperiodism  was  proposed  to  designate  the  phenomena 
embraced  in  the  response  of  the  organism  to  the  relative  length  of  day 
and  night. 
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Three  years  later  the  same  authors  pubUshed  a  second  paper  (23)  in 
which  data  are  presented  tending  to  confirm  the  results  previously 
obtained  and  to  show  that  the  length-of-day  factor  affects  various  features 
of  growth  and  development  other  than  sexual  reproduction.  Observa- 
tions were  made  on  effects  of  day  length  in  hastening  or  retarding  flower- 
ing and  fruiting  in  many  additional  species  and  varieties,  and  it  was 
shown  that  under  suitable  conditions  the  formative  action  of  the  light 
period  may  be  localized  in  the  plant.  Particular  attention  was  given 
to  the  formation  of  bulbs,  tubers,  and  thickened  roots  and  the  more  or 
less  antithetical  process  of  stem  elongation,  as  affected  by  the  daily  light 
period.  Other  influences  of  the  light  period  studied  include  those  on 
character  and  extent  of  branching,  root  growth,  formation  of  pigment, 
pubescence,  abscission  and  leaf  fall,  dormancy,  senescence,  and  rejuven- 
escence. It  is  concluded  that  the  duration  of  the  daily  illumination 
not  only  influences  the  quantity  of  photosynthetic  material  formed  but 
also  may  determine  the  use  which  the  plant  can  make  of  this  material. 
It  appears  that  for  each  species  there  is  an  optimal  light  period  for  maxi- 
mum upward  elongation  of  the  stem  or  increase  in  height.  In  certain 
typical  cases  this  optimal  period  is  furnished  by  the  long  summer  days 
of  high  latitudes,  and  progressive  shortening  of  the  day  length  may 
initiate  a  series  of  responses  including  flowering  and  fruiting,  branching 
tuberization,  and  entrance  upon  dormancy. 

Shortening  the  day  length  by  a  certain  decrement  below  the  optimum 
for  stem  elongation  may  induce  intense  reproductive  activity  and  in 
annuals  this  is  commonly  accompanied  by  rapid  senescence  and  death. 
Reduction  in  the  light  period  to  a  point  intermediate  between  the  opti- 
mum for  stem  elongation  and  the  optimum  for  flowering  favors  a  com- 
bination of  the  two  types  of  activity,  as  manifested  in  the  ever-blooming 
condition.  Reduction  of  the  light  period  below  the  optimum  for  stem 
growth,  and  usually  below  the  optimum  for  flowering,  may  induce 
intense  tuVjerization.  Here,  again,  with  an  intermediate  light  period 
sexual  reproduction  and  formation  of  tubers  may  proceed  simultaneously. 
Change  in  the  light  period  from  optimum  to  suboptimum  for  stem  elonga- 
tion may  cause  the  apex  to  lose  its  dominance,  thus  promoting  branching. 
Depending  on  the  extent  of  the  change  in  the  light  period,  increased 
branching  may  occur  at  the  upper,  middle,  or  lower  aerial  portions  of  the 
axis;  there  may  be  various  degrees  of  ercctness  of  the  branches;  or  there 
may  be  increased  development  of  underground  stems  and  a  change 
downward  in  direction  of  their  growth. 

Further  details  of  the  results  reported  in  these  two  papers  and  their 
interpretation  are  given  in  connection  with  the  following  outline  of  the 
development  and  the  present  status  of  principal  phases  of  the  day-length 
effect.  Photoperiodism  in  its  various  manifestations  and  its  relation- 
ships with  other  environmental  influences  has  been  the  subject  of  exten- 


PHOTOPERIODfSM  683 

sive  research  in  the  past  decade  and  it  will  not  be  practicable  to  include 
in  the  present  survey  all  of  the  work  which  has  appeared  in  this  field. 
In  general,  there  has  been  remarkable  agreement  in  the  results  obtained 
by  various  investigators  with  regard  to  the  basal  principles  of  the  subject, 
though  difference  of  opinion  has  developed  as  to  the  correct  interpreta- 
tion and  the  significance  of  some  of  the  experimental  data.  General 
reviews  of  the  subject  of  photoperiodism  at  different  stages  of  its  develop- 
ment have  been  presented  by  Maximov  (44),  Kellerman  (34),  Redington 
(60),  and  Schick  (65).  These  authors  have  included  fairly  extensive 
bibliographies,  as  have  also  Lubimenko  and  Szeglova  (43)  and  Tincker 
(71)  in  their  research  papers.  Ramaley  (55)  has  recently  published  a 
bibliography  of  day-length  and  artificial  illumination  as  affecting  seed 
plants. 

LONG-DAY  AND  SHORT-DAY  PLANTS 

As  pointed  out  by  Garner  and  Allard,  some  plants  are  not  particu- 
larly sensitive  to  differences  in  length  of  day.  Such  plants  flower  more 
or  less  readily  in  either  a  long  or  a  short  day,  the  effects  of  differences  in 
the  light  period  being  of  a  quantitative  rather  than  a  qualitative  char- 
acter. There  is  a  larger  group  of  plants,  however,  in  which  length  of 
day  may  produce  definite  formative  action,  particularly  with  respect  to 
sexual  reproduction.  This  group  may  be  logically  separated  into  two 
subdivisions,  in  one  of  which  under  suitable  conditions  flowering  is  readily 
induced  by  exposure  to  a  relatively  short  day,  while  in  the  other  flowering 
is  favored  by  a  relatively  long  day  or  even  continuous  illumination. 
The  former  are  designated  as  "short-day  plants"  and  the  latter  as 
"long-day  plants."  In  setting  up  this  classification,  which  now  has  come 
into  rather  general  use,  the  authors  recognize  that  for  both  the  long-day 
and  short-day  types  there  is  in  each  case  a  critical  length  of  day  for 
flowering.  Short-day  plants  flower  readily  under  day  lengths  below  the 
critical,  but  with  day  lengths  in  excess  of  the  critical  there  is  extensive 
stem  elongation  without  flowering.  In  long-day  plants,  on  the  other 
hand,  there  is  elongation  of  the  axis  followed  by  flowering  with  day  lengths 
in  excess  of  the  critical,  but  there  is  no  flowering  with  day  lengths  below 
the  critical,  and  most  typical  plants  of  this  group  tend  to  remain  in  the 
leaf  rosette  stage.  In  the  less  sensitive  group,  which  now  has  come  to 
be  known  as  the  indeterminate  or  neutral  group,  there  is  no  definite 
critical  day  length  for  flowering. 

The  foregoing  classification  rests  primarily  on  differences  in  response 
to  length  of  day  with  respect  to  reproductive  processes,  although  typically 
there  is  also  definite  contrast  in  the  alternative  types  of  vegetative 
activity  in  the  long-day  and  short-day  types.  Separation  into  the  two 
groups  is  not  based  on  any  particular  day  length  as  the  dividing  line  (21a). 
In  most  cases  short-day  plants  flower  more  or  less  readily  through  a  wide 
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range  in  day  length  below  the  critical  and  the  same  is  true  of  the  long-day 
group  for  day  lengths  in  excess  of  the  critical.  It  appears  that  there  are 
some  plants,  however,  for  which  it  is  possible  to  have  a  day  length  too 
long  as  well  as  one  too  short  to  induce  flowering.  Most  investigators  have 
accepted  this  plan  of  classification,  at  least  in  principle,  though  in  a  few 


Fig.  1. — Contrasted  day-length  responses  of  long-day  and  short-day  types.  Upper, 
Steironema  cUiatum,  (L.)  Raf.,  a  long-day  plant;  lower,  Rumex  sp.,  a  short-day  plant.  Left 
to  right,  the  light  exposures  were:  full  summer  day  at  Washington,  D.  C,  of  14  to  15  hr. ; 
darkened  10  a.m.  to  2  p.m.;  12-hr.  day;  10-hr.  day;  8-hr.  day;  5-hr.  day.  For  the  long-day 
type,  Steironema,  the  critical  light  period  for  flowering  under  the  conditions  lies  between 
12  and  14  hr.  and  with  periods  below  the  critical  the  plant  tends  to  remain  in  the  leaf 
rosette  stage;  for  the  short-day  type,  Rumex,  the  critical  period  is  about  11  hr.  and  with 
longer  day  lengths  the  plant  develops  indeterminate  vegetative  stems.  Midday  darkening 
produces  no  formative  effect  in  either  type  of  plant. 


instances  plants  have  been  classified  into  long-day  or  short-day  types 
on  the  basis  of  relative  growth  and  production  of  dry  matter,  or  contrast 
in  development  not  involving  reproduction,  in  response  to  long  and 
short  day.  There  has  been  some  attendant  confusion  in  the  discussion 
and  in  the  interpretation  of  results.     Schick  (65)  has  recently  proposed 
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that  for  those  plants  in  which  tuber  formation  is  of  primary  importance 
this  response  to  the  Ught  period  rather  than  flower  formation  be  used  as 
a  basis  for  classification.  This  suggestion  seems  logical  though  possibly 
not  entirely  free  from  objection.  Redington  and  Schick  in  their  reviews 
have  listed  the  long-day,  short-day,  and  neutral  or  indeterminate  plants, 
as  far  as  they  have  been  reported  in  the  literature. 

FLOWERING  AND  FRUITING  RESPONSES 

Although  the  light  period  may  affect  sexual  reproduction  both 
qualitatively  and  quantitatively,  up  to  the  present  most  work  has  been 
directed  toward  the  qualitative  effect.  While  most  short-day  plants 
flower  readily  through  a  wide  range  in  day  lengths  below  the  critical  and 
most  long-day  plants  flower  under  various  day  lengths  in  excess  of  the 
critical,  available  evidence  indicates  that  there  is  a  fairly  definite  opti- 
mum length  of  day  for  initiation  as  well  as  for  completion  of  flowering  and 
fruiting  processes.  Generally  speaking,  however,  the  intervals  or  gaps 
between  the  different  light  periods  employed  by  investigators  have  been 
too  wide  to  permit  of  establishing  the  optimum  light  period  for  any  par- 
ticular plant.  Garner  and  AUard  found  for  certain  varieties  of  soy  beans 
no  significant  difference  in  time  required  for  flowering  under  a  12-hr. 
day  and  a  5-hr.  day,  but  this  does  not  preclude  the  possibility  that  an 
intermediate  day  length  would  somewhat  further  accelerate  flowering. 
With  these  varieties  a  day  length  of  13  hr.  or  longer  produces  decided 
delay  in  flowering.  For  hemp,  a  short-day  type,  McPhee  (48)  obtained 
maximum  acceleration  of  flowering  with  a  7-hr.  period  of  light.  McClel- 
land (46)  found  that  for  Tephrosia  Candida  a  12-hr.  day  is  optimum  for 
flowering  while  the  process  is  inhibited  by  both  a  10-hr.  and  a  13.2-hr. 
day.  AUard  (4)  found  an  18-hr.  day  to  be  optimum  for  Sedum  telephium, 
although  longer  day  lengths  were  not  tried.  According  to  Smith  (69) 
continuous  illumination  produces  maximum  acceleration  of  development, 
including  flowering  and  fruiting,  in  barley,  oats,  rye,  and  English  sword 
pea.  Further  work  is  needed  on  this  phase  of  the  photoperiodic  response 
with  a  more  complete  schedule  of  Ught  periods,  providing  relatively  nar- 
row intervals  between  the  periods  and  with  better  control  of  conditions. 

Only  very  limited  data  are  available  as  to  the  quantitative  effect  of 
day  length  on  flowering  and  fruiting,  at  least  as  regards  optimal  light 
periods.  In  case  of  the  soy  beans  mentioned  above  the  absolute  yield  of 
seeds  per  plant  was  approximately  9  times  as  great  with  a  13-hr.  day  as 
with  a  10-hr.  day,  but  with  the  shorter  light  period  the  relative  weight 
of  the  seed  as  compared  with  the  weight  of  the  stalk  was  more  than 
twice  that  with  the  longer  Ught  period.  A  day  length  especially  favor- 
able for  flowering  also  increased  the  weight  of  the  individual  seed.  In 
cultures  exposed  to  regulated  day  lengths  of  4,  6,  8,  10,  and  14  or  16  hr. 
Lubimenko  and  Szeglova  (42)  obtained  maximum  relative  weight  of  fruits 
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with  the  8-  and  10-hr.  Ught  periods  in  Momordica  Charantia,  Benincasa 
cerifera,  Phaseolus  vulgaris,  and  Soja  hispida.  The  same  hght  periods 
also  gave  maximum  absolute  weight  of  fruits.  Of  these  species  all 
flowered  with  each  light  period  employed  except  Soja  which  flowered 
only  with  day  lengths  of  6  to  10  hr.  However,  Benincasa  produced  few 
fruits  with  a  16-hr.  day,  the  yield  being  exceeded  even  by  that  of  a  4-hr. 
day.  With  Sinapis  nigra  all  of  the  light  periods  shorter  than  14  hr. 
proved  to  be  insufficient  for  flowering  and  fruiting. 

The  conception  of  the  ever-blooming  or  ever-bearing  condition  in 
relation  to  the  day-length  factor  advanced  by  Garner  and  Allard  seems 
to  have  been  interpreted  by  some  as  being  generally  applicable  to  the 
group  of  neutral  or  indeterminate  plants.  Although  this  group  may 
logically  be  considered  as  the  chief  source  of  ever-bloomers,  the  conception 
in  question  has  to  do  essentially  with  a  rather  delicate  balance  between 
vegetative  activity  and  reproduction  which  may  be  maintained  by 
suitable  light  periods  in  typical  long-day  and  short-day  plants  as  well  as 
in  those  of  the  neutral  group.  In  buckwheat,  which  flowers  successfully 
with  all  day  lengths  from  5  hr.  upward,  a  short  day  induces  rapid,  inten- 
sive reproductive  activity  and  only  limited  growth,  so  that  the  life  cycle 
is  soon  terminated.  In  this  case  the  plant  is  an  ephemeral.  With  a 
long  day,  on  the  other  hand,  slower,  less  intensive  reproduction  is  accom- 
panied by  extensive  new  growth,  making  possible  a  long-continued 
process  of  flowering  and  fruiting,  so  that  the  life  cycle  is  greatly  extended. 
In  the  latter  case  there  is  obviously  a  tendency  toward  the  ever-blooming 
state.  In  the  same  way,  the  short-day  type,  Viola  papilionacea,  which 
produces  its  blue  spring  type  of  blossom  in  response  to  a  short  day,  will 
continue  to  produce  this  type  of  blossom  for  a  prolonged  period  when 
exposed  to  a  favorable  intermediate  light  period,  but  ceases  to  do  so 
with  longer  daily  illumination.  It  has  been  suggested  that  in  nature  the 
narrower  seasonal  range  in  the  daylight  period  which  occurs  in  low 
latitudes  is  especially  favorable  to  the  phenomenon  of  ever-blooming. 

Schaffner  (62,  63)  has  made  extensive  study  of  the  effect  of  day  length 
on  sex  reversal  and  related  structural  abnormalities  in  Cannabis  sativa  L., 
Zea  Mays,  and  other  species.  Beginning  July  1  and  extending  over  a 
period  of  10  months,  semimonthly  plantings  of  hemp  were  made  in  the 
greenhouse  to  ascertain  the  effects  of  the  seasonal  change  in  the  daylight 
period  on  sex  reversal  in  staminate  plants.  A  very  perfect  fluctuating 
curve  was  obtained  ranging  from  zero  reversal  in  the  late  spring  and 
early  summer  plantings  to  100  per  cent  reversal  for  the  November 
plantings.  On  November  1  plantings  of  certain  forms  of  Zea  Mays, 
100  per  cent  of  the  plants  will  show  under  suitable  conditions  some 
degree  of  female  expression  in  the  tassel  while  spring  and  early  summer 
plantings  normally  show  only  pure  staminate  tassels.  When  the  female 
state  is  established  in  the  main  stem,  the  internodes  become  decidedly 
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flexuous  and  may  form  loops.  Under  the  length-of-day  gradient  from 
August  to  November  a  large  percentage  of  completely  neutral,  vestigial 
tassels  can  be  developed  in  a  population.  With  the  decreasing  day 
length  of  autumn  femaleness  is  expressed  only  at  the  base  of  the  tassel, 
the  middle  region  is  staminate,  and  the  tip  is  always  neuter.  With  the 
increasing  day  length  of  late  winter  and  early  spring  femaleness  also 
may  be  expressed  in  the  tip  and  branches.  Tournois  (75)  described 
numerous  abnormalities  in  reproductive  structures  of  hemp  associated 
with  precocious  flowering  in  response  to  the  short  days  of  early 
spring. 

In  a  study  of  the  influence  of  light  on  the  unfolding  of  the  flower  bud 
in  Hedera  Helix,  which  behaves  as  a  short-day  plant,  Sigmond  (68)  found 
that  the  processes  involved  are  rhythmic  in  character  and  are  facilitated 
by  the  alternation  of  day  and  night,  so  that  night  illumination  has  a 
retarding  effect.  Light  has  no  direct  stimulating  action  on  the  opening 
of  the  flower. 

GROWTH  RELATIONS 

The  fact  that  entrance  upon  reproductive  activity  usually  checks  or 
abruptly  terminates  growth  in  the  plant  makes  it  somewhat  difficult  to 
obtain  a  clear  picture  of  growth  relations  as  affected,  on  the  one  hand,  by 
light  periods  which  tend  to  initiate  reproduction  and,  on  the  other  hand, 
by  periods  which  favor  only  vegetative  activity.  In  general,  growth 
characteristics  of  the  short-day  type  of  plant  with  light  periods  below 
the  critical  rather  closely  resemble  those  of  the  long-day  type  of  plant 
with  hght  periods  above  the  critical.  In  both  cases  the  rate  of  growth, 
the  height  attained,  and  the  production  of  dry  matter  as  a  rule  tend  to 
increase  with  increase  in  duration  of  light,  but  there  are  certain  plants 
which  are  injured  by  a  very  long  daily  light  period  and  there  are  still 
others  which  grow  best  even  with  a  moderately  short  light  period. 
Similar  growth  characteristics  also  will  apply  to  the  indeterminate  group 
of  plants  with  all  hght  periods,  since  in  this  case  flowering  is  always 
involved.  The  situation  is  different  where  light  periods  tending  to 
suppress  reproduction  come  into  play.  With  the  short-day  plant  there 
is,  as  a  rule,  comparatively  little  change  in  the  general  type  of  growth, 
except  as  to  absence  of  flowering  and  fruiting,  but  in  the  long-day  type 
important  morphological  changes  usually  appear  and  total  production 
of  dry  matter  affords  about  the  only  simple  basis  for  comparison.  Since 
vegetative  activity  usually  will  continue  at  a  rapid  rate  for  a  prolonged 
period  in  short-day  plants  exposed  to  day  lengths  above  the  critical,  the 
final  height  and  the  plant  mass  may  greatly  exceed  those  of  plants  exposed 
to  shorter  day  lengths  which  induce  early  flowering.  This  may  hold 
true,  but  to  a  much  lesser  extent,  for  the  long-day  plants  exposed  to  light 
periods  too  short  to  induce  flowering. 
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Garner  and  Allard  obtained  maximum  height  in  several  short-day 
plants  with  a  long  daylight  period,  but  in  Holcus  halapensis  L.,  another 
short-day  type,  a  10-hr.  day  produced  the  tallest  plants.  In  several 
types  of  Dactylis  glomerata,  a  long-day  species,  Tincker  (71)  obtained  a 
much  greater  height  in  the  full  summer  day  than  with  a  12-hr.  day;  and 
with  a  9-hr.  day  the  plants  remained  in  the  leaf-rosette  stage.  Various 
other  long-day  species  showed  more  or  less  similar  results.  Using  daily 
light  periods  of  4,  6,  8,  10,  and  14  or  16  hr.  Lubimenko  and  Szeglova  (42) 
obtained  maximum  production  of  dry  matter  in  Benincasa  cerifera  with 
an  8-hr.  day  and  in  Phaseolus  vulgaris  with  a  10-hr.  day.  In  Momordica 
Charantia,  Gossypium  herbaceum,  Soja  hispida,  Hordeum  vulgare,  and 
Sinapis  nigra  the  14-  or  16-hr.  period  was  more  effective,  and  with  a 
10-hr.  day  the  dry  weight  of  Papaver  nudicaule  was  only  8  per  cent  of 
that  produced  by  the  16-hr.  day.  The  relative  production  of  dry  matter 
per  hour  of  daily  illumination  was  highest  with  the  16-hr.  light  period  in 
Soja  and  Papaver,  with  the  8-hr.  light  period  in  Momordica,  Gossypium, 
Phaseolus,  Hordeum,  and  Sinapis,  and  with  the  6-hr.  period  in  Benincasa. 
Adams  (1)  obtained  maximum  height  and  largest  production  of  dry 
matter  in  flax,  wheat,  sunflower,  white  mustard,  and  soy  beans  with  the 
full  day  of  summer. 

As  regards  the  above  experimental  data  Smith  (69)  emphasizes  the 
fact  that  for  a  given  plant  the  relative  effect  of  different  light  periods  on 
the  rate  and  amount  of  growth  varies  according  to  the  stage  of  develop- 
ment at  which  the  observation  is  made.  Whether  growth  be  measured 
as  accumulation  of  dry  matter,  plant  height,  leaf  size,  or  rate  of  increase 
in  dry  matter  per  day,  per  hour  of  illumination,  or  per  unit  of  light,  there 
is  found  a  maximum  displacement,  the  maximum  values  for  young 
individuals  of  such  species  as  oats,  barley,  rye,  sugar  pea,  and  tomato 
being  obtained  with  continuous  light  but  undergoing  displacement 
toward  the  shorter  light  periods  with  increasing  age  of  the  plants.  Appar- 
ently the  factor,  i.e.,  length  of  day,  has  no  fixed  optimum  for  growth 
reactions.  Observed  differences  in  growth  reactions  to  day  length 
between  different  species  cannot  be  considered  as  conclusive  unless 
comparison  has  been  made  on  a  basis  of  equal  periods  of  development. 

It  has  been  shown  that  many  species  may  be  maintained  in  a  healthy 
state  of  vegetative  activity  over  long  periods  of  time  by  subjecting  them 
to  light  periods  which  are  unfavorable  for  reproductive  activity.  With 
day  lengths  above  the  critical,  typical  short-day  plants  may  attain  giant 
proportions.  Similarly  long-day  plants  exposed  to  day  lengths  shorter 
than  the  critical  for  flowering  may  remain  vegetatively  active  for  long 
periods,  though  usually  total  growth  is  relatively  restricted.  Garner 
and  Allard  (26)  were  able  to  maintain  certain  species  of  Sedum  in  the 
vegetative  stage  without  flowering  for  as  long  as  9  years  by  exposing 
them  to  daily  light  periods  of  12  hr.  or  less.     At  the  end  of  the  test  these 
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plants  quickly  flowered  when  exposed  to  a  long  day.  Similarly  Tincker 
(72)  maintained  Trifolium  pratense  in  a  healthy,  nonflowering  condition 
for  4  years  by  employing  a  light  period  of  10  hr.  and  Avena  sativa  exposed 
to  a  short  day  was  caused  to  function  as  a  biennial.  Kondo  (38)  obtained 
vigorous  growth  but  no  development  of  panicles  in  rice  plants  exposed  to 
continuous  light  for  a  period  of  3  years,  although  these  plants  developed 
normally  and  formed  seeds  when  subsequently  exposed  to  favorable 
day  lengths. 

FORMATION  OF  TUBERS,  BULBS,  AND  THICKENED  ROOTS 

It  was  shown  by  Garner  and  AUard  (23)  that  tuberization  in  its 
various  forms  of  expression  is  a  prominent  feature  of  photoperiodism. 
Cultures  of  the  McCormick,  a  late  variety  of  potato,  were  exposed  in  one 
case  to  the  full  daylight  period  of  summer  plus  weak  artificial  illumination 
from  sunset  till  midnight,  and  in  a  second  case  to  the  full  daylight  alone. 
The  average  temperature  was  relatively  high.  In  a  second  test  the 
cultures  were  exposed  to  the  full  day  and  to  day  lengths  of  5,  10,  and 
13  hr.  With  the  artificially  lengthened  day  no  tubers  were  formed  and 
an  underground  bud,  which  otherwise  might  have  given  rise  to  a  tuber, 
failed  to  go  into  a  resting  state,  but  instead  immediately  germinated  and 
developed  into  a  new  plant.  In  each  test  the  full  day  yielded  a  fair  crop 
of  tubers,  but  the  maximum  absolute  weight  of  tubers  was  obtained  with 
a  13-hr.  day  while  by  far  the  highest  yield  in  percentage  of  total  weight 
of  plant  was  produced  by  the  10-hr.  day.  The  highest  total  weight  of  the 
plants  and  the  greatest  plant  height  were  obtained  with  the  longest  day. 

With  a  10-hr.  day  Apios  tuberosa  produced  relatively  few  but  large 
new  tubers,  while  the  mother  tubers  were  much  enlarged  and  formed 
numerous  prominent  resting  buds.  With  the  full  summer  day  many 
new  tubers  of  small  size  were  developed  and  there  was  little  enlargement 
of  the  mother  tubers  which  formed  only  a  few  small  resting  buds.  With 
Dioscorea  divaricata  L.  a  short  day  checked  growth  of  the  vine  and 
induced  early  tuberization  of  aerial  axillary  buds  without  materially 
affecting  relative  production  of  underground  tubers.  In  tests  with  the 
yam,  D.  alata  L.,  a  10-hr.  day  suppressed  formation  of  aerial  tubers  but 
greatly  increased  both  the  absolute  and  the  relative  yields  of  underground 
tubers.  With  Helianihus  tuberosus  L.  the  short  day  produced  small, 
short-lived  plants  and  while  flower  buds  appeared,  they  were  never 
able  to  open.  There  was  intensive  tuberization,  both  the  absolute  and 
the  relative  yields  of  tubers  exceeding  those  produced  by  the  controls,  and 
the  numerous  elongated  underground  stems  produced  by  the  latter  were 
lacking.  The  short  day  produced  marked  thickening  of  the  root  in 
Phaseolus  multiflorus  Willd. 

The  photoperiodic  response  of  onion  stands  out  in  sharp  contrast 
with  the  preceding  data  on  tuber  formation.     With  a  10-hr.  day  the 
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Silverskin  onion  remained  in  the  vegetative  stage  without  indication  of 
flowering  or  of  forming  bulbs  over  a  period  of  more  than  12  months. 
With  the  full  summer  day  the  plants  flowered  and  formed  large  bulbs 
which  soon  passed  into  the  resting  stage  but  resumed  vegetative  activity 
when  the  day  length  had  shortened  sufficiently  in  autumn. 

The  relation  of  day  length  to  tuber  formation  also  has  been  studied  by 
several  other  investigators.  McClelland  (47),  under  Puerto  Rican 
conditions,  obtained  a  sevenfold  increase  in  production  of  tubers  in  the 
Lookout  Mountain  variety  of  potato  with  a  10-hr.  day  as  compared  with 
a  15-hr.  day,  and  a  smaller  increase  in  the  Irish  Cobbler  while  the  yield 
was  not  affected  by  the  light  period  in  the  Red  Bliss.  In  all  cases,  how- 
ever, the  ratio  of  tubers  to  tops  was  vastly  greater  with  the  short  day 
than  the  long  day.  Growth  of  tops  was  much  greater  in  the  long  day. 
The  light  requirements  for  bulb  formation  in  different  varieties  of  onions 
was  found  to  be  highly  specific,  but  in  all  varieties  a  short  day  prevented 
formation  of  bulbs  and  favored  leaf  growth.  Zimmerman  and  Hitchcock 
(78)  observed  that  in  six  varieties  of  Dahlia  the  length  of  day  determined 
the  type  of  root  system  formed,  storage  roots  being  correlated  with  a  short 
day  and  a  fibrous  root  system  with  a  long  day.  According  to  Doro- 
shenko  and  associates  (18)  the  normal  summer  day  length  in  the  region 
of  Leningrad  completely  suppressed  tuber  formation  in  several  forms  of 
Ullucus  and  Ozalis  and  in  South  American  species  of  Solanum.  While 
all  native  cultivated  varieties  of  potato  were  capable  of  forming  tubers 
under  the  long  summer  day,  both  the  yield  and  the  number  of  tubers 
formed  were  increased  with  a  short  day.  The  optimum  light  period 
for  tuber  production  was  found  to  be  9  to  12  hr.  The  process  of  tuber 
formation  shows  a  specific  dependence  on  length  of  day.  Schick  (64) 
at  latitude  52.5°  north  has  reported  similar  results  with  potatoes. 

In  contrast  with  the  foregoing  results  Arthur  and  others  (5)  find 
that  in  the  Irish  Cobbler  variety  of  potato  formation  of  tubers  is  favored 
by  long  days  when  associated  with  low  temperature  and  high  intensity  of 
light.  Undoubtedly  low  temperature  often  favors  tuber  development  in 
the  potato,  but  with  respect  to  the  day-length  factor  it  must  be  concluded 
that  the  relation  to  tuber  formation  is  largely  a  matter  of  the  variety 
and  species.  This  seems  reasonably  clear  from  the  previously  mentioned 
results  of  other  investigators  at  various  latitudes. 

It  is  apparent  that  the  daily  light  period  is  an  important  factor  in  the 
formation  of  tubers,  bulbs,  and  thickened  roots.  In  this  type  of  response, 
as  in  the  case  of  sexual  reproduction,  plants  vary  in  their  sensitivity  to 
the  day-length  factor.  Moreover,  among  the  more  sensitive  plants 
the  optimum  day  length  for  this  type  of  development  varies  with  the 
species  and  with  the  variety.  Practically  without  exception,  however, 
under  normal  growing  conditions  investigators  have  obtained  the  maxi- 
mum relative  production  of  tubers  (and  thickened  roots)  with  a  short 
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day.  This  has  been  shown  to  hold  truo  for  a  wide  variety  of  plants  and 
in  regions  representing  a  very  wide  range  in  latitude.  Adequate  vegeta- 
tive growth,  of  course,  is  a  prerequisite  for  extensive  tuber  development, 
and  inasmuch  as  general  growth  usually  is  much  restricted  by  a  decidedly 
short  light  period,  it  commonly  occurs  that  maximum  absolute  yield  of 
tubers  is  obtained  with  only  a  moderately  short  or  intermediate  length 
of  day  or  more  rarely  with  a  long  day.  On  the  other  hand,  bulb  forma- 
tion, at  least  in  the  case  of  the  onion,  is  induced  by  a  long  day,  though 
there  are  distinct  varietal  differences  as  to  the  most  favorable  daylight 
period  for  this  response  (47). 

SENESCENCE,  DORMANCY,  AND  RELATED  PHENOMENA 

With  suitable  light  periods  both  the  long-day  and  short-day  types 
of  plants  may  maintain  vegetative  activity  for  very  long  periods  of  time 
without  appearance,  or  definite  evidence,  of  senility  in  the  organism  as  a 
whole.  In  annuals,  exposure  to  optimal  light  periods  for  flowering  and 
fruiting  tends  to  induce  rapid  senescence  and  death.  Similarly  certain 
light  periods  may  cause  perennials  to  enter  into  a  state  of  dormancy. 
Periods  of  light  which  are  only  moderately  suboptimum  may  permit 
limited  reproductive  activity,  and  in  this  case  rapid  senescence  may 
be  limited  to  certain  plant  organs  or  parts,  while  the  organism  as  a  whole 
is  able  to  continue  activity.  Again,  it  has  been  shown  (22)  that  typical 
annuals  as  well  as  perennials  in  which  intensive  reproduction  has  been 
initiated  by  a  favorable  day  length  may  be  rejuvenated  by  transfer  to  a 
length  of  day  promoting  vegetative  activity.  Such  typical  annuals  as 
soy  beans  and  the  perennial  Aster  linariifolius  were  made  to  complete 
two  cycles  of  alternate  vegetative  and  reproductive  activity  within  a 
period  of  4  months.  Schaffner  (63)  also  was  able  to  effect  rejuvenation 
in  Cannabis  saliva  by  applying  continuous  illumination  to  plants  which 
previously  had  been  exposed  to  the  natural  short  day  of  winter  and  had 
flowered.  If  the  plants  come  into  flower  in  spring  when  the  day  is  rapidly 
lengthening,  they  may  rejuvenate  naturally,  and  after  rejuvenation  there 
is  a  succession  of  leaf  forms  corresponding  to  those  which  develop  in 
juvenile  plants  from  seed. 

In  tests  by  Garner  and  Allard  (23)  cultures  of  Liriodendron  tulipifera 
were  transferred  to  the  greenhouse  in  September  and  one  series  received 
weak  supplementary  illumination  from  sunset  till  midnight.  With 
natural  light  alone  the  plants  soon  lost  their  leaves  by  abscission  and 
remained  dormant  through  the  winter.  Under  the  long-day  conditions 
there  was  prompt  renewal  of  active  growth  with  abundant  development 
of  new  leaves.  There  was  no  definite  period  of  leaf  fall  and  as  individual 
leaves  died  the  petioles  remained  firmly  attached  to  the  stem.  In 
Rhus  glabra  L.  there  was  no  new  top  growth  with  the  long  day  but  there 
was  no  leaf  fall,  the  leaves  retained  a  dark  green  color,  and  eventually 
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new  shoots  emerged  from  the  soil  as  offsets.  In  similar  tests  Oden 
(52),  by  lengthening  the  autumn  day  to  17  hr.,  caused  the  usual  rapid 
autumn  leaf  fall  in  Acer  campestre,  Lonicera  Periclymenum  and  Viburnum 
Opulus  to  be  replaced  by  continuous  dropping  of  the  leaves.  After 
normal  leaf  fall  the  added  illumination  caused  the  new  buds  to  unfold  and 
new  leaves  were  developed. 

In  first-year  cultures  Mochkov  (49)  found  that  Rohinia  Pseudo- Acacia 
L.,  a  representative  of  low^er  latitudes,  grew  slowly  from  the  outset  in  a 
10-hr.  day,  but  in  the  full  day  rapid  growth  continued  till  stopped  by 
cold,  so  that  the  wood  did  not  ripen.  On  the  other  hand,  Salix  lanata 
L.,  a  representative  of  high  latitudes,  grew  more  rapidly  in  the  10-hr. 
day  but  soon  terminated  its  activities,  while  in  the  full  day  growth  con- 
tinued for  a  longer  period  and  ultimately  w^as  much  greater  in  amount. 
Nevertheless,  the  long-day  cultures  became  inactive  long  before  winter 
set  in. 

Dexter  (16)  has  recently  studied  effects  of  day  length  on  hardening 
in  alfalfa,  wheat,  cabbage,  and  tomato  at  different  temperatures.  At 
0°C.  wheat  and  alfalfa  hardened  more  fully  in  a  long  day  than  in  a  short 
day  and  there  was  no  decided  indication  of  elongation.  Winter  wheat 
plants  previously  exposed  to  a  short  day  at  60°F.  hardened  more  fully  in 
the  cold  room  than  plants  which  had  been  in  a  long  day  when  placed  in 
either  a  long-  or  a  short-day  hardening  treatment.  At  higher  tem- 
perature a  short  light  period  interfered  seriously  with  the  hardening 
process  only  in  winter  wheat,  but  a  long  light  period  caused  elongation  of 
foliar  parts  in  each  of  the  species  studied. 

MORPHOLOGICAL  AND  ANATOMICAL  EFFECTS 

Following  the  early  work  on  the  subject  (23),  the  fact  that  the 
morphology  of  plants  may  be  variously  modified  by  the  day-length 
factor  has  been  demonstrated  by  a  number  of  investigators.  Doroshcnko 
(17)  found  that  associated  with  retarded  reproductive  activity  in  wheat 
and  barley,  which  are  long-day  plants,  when  these  plants  are  exposed 
to  a  short  day,  there  is  a  marked  increase  in  leaf  development,  amounting 
in  some  instances  to  10  times  that  under  long-day  conditions.  In  flax, 
another  long-day  type,  increase  in  basal  branching  was  observed  under 
short-day  conditions  and  there  was  decreased  leaf  development.  Lubi- 
menko  and  Szeglova  (42)  subjected  a  number  of  species  to  various  regu- 
lated day  lengths  and  on  the  basis  of  results  obtained  the  conclusion  is 
reached  that  for  each  combination  of  day  and  night  there  exists  a  special 
form  of  the  plant  from  the  standpoint  of  relative  development  of  the 
different  organs.  In  Hordeum  vulgare  fruiting  occurred  only  in  the 
full  day,  maximum  production  in  percentage  of  total  dry  weight  was 
obtained  in  a  very  short  day  for  the  leaf,  in  the  full  day  for  the  stem, 
and  in  intermediate  day  lengths  for  the  root.     In  Benincasa  cerifera, 
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Momordica  Charantia,  Soja  hispida,  and  Phaseolus  vulgaris  maxiiuuni 
fruiting  was  obtained  with  the  intermediate  Ught  period.  Maximum 
relative  production  of  leaf  occurred  in  the  long  day  with  Soja,  in  the  very- 
short  day  with  Phaseolus,  in  both  the  long  and  very  short  days  with 
Momordica,  and  was  not  affected  by  day  length  in  Benincasa.  Relative 
weight  of  stem  was  not  much  affected  by  the  light  period  in  Momordica 
and  Phaseolus  and  was  greatest  with  both  the  long  and  the  very  short 
day  lengths  in  Benincasa  and  Soja.  Relative  weight  of  root  in  Benincasa, 
Momordica,  and  Phaseolus  was  greatest  with  the  long  day,  in  Hordeum 
and  Sinapis  in  the  intermediate  day  lengths,  and  with  both  the  long  and 
very  short  days  in  Soja. 

In  a  study  of  the  relation  between  top  and  root  size  in  herbaceous 
plants  Crist  and  Stout  (14)  obtained  consistently  a  decided  increase  in 
top-root  ratio  in  lettuce  and  radish  with  decrease  in  the  daily  light  period. 
In  a  comprehensive  investigation  of  relative  development  of  root  and 
tops  in  several  species  representing  the  long-day,  short-day,  and  indeter- 
minate types  Weaver  and  Himmel  (77)  obtained  in  all  cases  a  close 
correlation  between  the  transpiring  surface  and  the  absorbing  system. 
With  a  7-hr.  day  the  growth  of  both  tops  and  roots  was  greatly  retarded 
and  approximately  to  the  same  degree  when  compared  with  results  in  a 
15-hr.  day.  In  Dahlia,  however,  there  was  a  greater  development  of 
short,  thick,  tuberous  roots  in  the  short  day.  The  available  data  as  a 
whole  indicate  that,  although  there  are  exceptions,  the  general  tendency 
with  different  light  periods  is  toward  development  of  a  fibrous  root 
system  more  or  less  proportional  to  the  growth  of  tops. 

In  anatomical  studies  of  the  stem  of  tomato  and  pepper  exposed  to 
regulated  day  lengths  Deats  (15)  found  that  the  amounts  of  both  bast 
and  xylem  and  the  thickness  of  their  cell  walls  varied  directly  with  the 
length  of  day  as  did  also  the  size  of  the  epidermal  cells  and  amount  of 
cork  development.  Stems  exposed  to  a  short  day  contained  relatively 
more  pith.  The  height  and  diameter  of  the  stems  and  the  size  and  thick- 
ness of  the  leaves  were  directly  proportional  to  the  length  of  day.  To 
study  the  effect  of  the  light  period  on  fiber  production  in  plants  Reding- 
ton  and  Priestley  (61)  grew  Aster,  Chrysanthemum,  Pelargonium,  and 
Polygonum  with  artificial  light,  using  day  lengths  of  8  and  16  hr.  and 
continuous  illumination.  Sclerenchyma  was  more  abundantly  devel- 
oped under  the  16-hr.  period  than  with  continuous  light.  With  an 
8-hr.  period  the  thinness  of  the  walls  of  the  fibers  was  very  striking.  In 
cultures  of  flax,  w^heat,  and  barley  exposed  to  the  full  day  and  shortened 
days  of  12  and  9  hr.  Doroshenko  (17)  observed  that  the  moderately 
shortened  day  causes  reduction  in  size  of  the  cells  and  of  stomata  in  the 
leaves,  and  an  increase  in  number  of  stomata  and  venation  per  unit  of 
surface  area;  but  with  a  very  short  day  these  effects  are  reversed.  How- 
ever, the  various  forms  are  highly  individualistic  as  to  most  favorable  day 
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lengths  for  these  responses.  In  flax  the  thickness  of  the  stem  and  the 
development  of  xylem  and  phloem  decrease,  while  the  diameter  of  the 
pith  increases  with  decrease  in  the  daily  light  period. 

THE  PHOTOPERIODIC  AFTEREFFECT 

{Photoperiodic  Induction) 

Observations  were  made  by  Garner  and  Allard  on  the  minimum 
number  of  days  in  an  initial  treatment  with  a  light  period  favorable  to 
flowering  which  is  required  to  obtain  definite  response  when  the  plant  is 
subsequently  transferred  to  a  day  length  distinctly  unfavorable  to 
flowering.  With  typical  short-day  plants  it  was  found  that  initial 
exposure  to  a  short  day  for  at  least  10  successive  days  was  necessary  to 
obtain  flowering  when  the  plants  were  subsequently  exposed  to  a  long 
day.  A  longer  pretreatment  with  the  short  day  was  required  to  obtain 
abundant  flowering  and  the  minimum  pretreatment  period  for  successful 
fruiting  was  about  21  days.  In  this  connection,  in  view  of  the  fact  that 
in  nature  plants  usually  are  subjected  to  a  changing  rather  than  a  fixed 
length  of  day,  Russian  investigators  have  recently  emphasized  the 
importance  of  this  phase  of  photoperiodism.  The  carry-over  effect  of  a 
given  light  period  after  the  plant  comes  under  the  influence  of  another 
light  period  has  been  designated  as  "photoperiodic  induction"  and  as 
"the  photoperiodic  aftereffect." 

Rasumov  (57)  studied  the  aftereffects  on  growth  and  development  in 
representative  short-day  and  long-day  types  of  an  initial  exposure  to  a 
long-  or  a  short-day  length  for  various  periods,  and  the  relation  of  these 
effects  to  those  dependent  on  time  of  seeding.  The  day  length  experi- 
enced by  the  plant  at  the  beginning  of  development  is  found  to  be  of 
great  significance  in  its  later  development,  particularly  as  to  the  trans- 
formation from  the  vegetative  to  the  reproductive  stage.  Pretreatment 
with  the  shortened  daylight  period  for  some  days  markedly  hastens 
flowering  in  short-day  plants  and  delays  it  in  long-day  plants.  Similar 
exposure  to  a  long  day  produces  reverse  effects  in  the  two  types.  The 
degree  of  acceleration  or  retardation  in  the  onset  of  flowering  lies  between 
the  extreme  effects  of  continued  long-day  or  short-day  exposures  so 
that  the  alternating  treatment  may  be  employed  to  regulate  the  time  of 
flowering.  In  the  short-day  type  of  plant  the  strongest  aftereffect  is 
produced  by  a  short  day  and  in  the  long-day  type  the  reverse  is  true. 

In  similar  experiments  with  species  of  the  short-day  and  long-day 
types  Lubimenko  and  Szeglova  (43)  likewise  found  that  the  initial 
exposure  to  a  long  or  a  short  day  serves  to  displace  the  time  of  flowering, 
an  effect  which  is  called  photoperiodic  induction.  The  retarding  or 
accelerating  effects  are  manifested  in  both  the  vegetative  and  the  repro- 
ductive phases  of  development.  Pretreatment  with  total  darkness 
accelerates  subsequent  development  of  the  short-day  type  and  retards 
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that  of  the  long-day  type  when  the  plants  are  transferred  to  a  long  day. 
The  pretreatment  with  long  or  short  days  affects  not  only  the  rate  of 
development  of  the  plant  as  a  whole  but  influences  differently  the  various 
organs.  The  persisting  effects  of  the  initial  day  length  treatment  may  be 
explained  by  assuming  that  a  rather  stable  structure  of  the  protoplasm 
is  created  which  determines  from  the  outset  the  rate  of  development  of 
the  whole  plant  and  its  various  organs. 

Rasumov  (58)  has  shown  that  the  photoperiodic  afteraffect  is  of 
importance  in  the  process  of  tuber  formation.  Though  different  species 
vary  widely  in  their  sensitivity  to  day  length  with  respect  to  tuber  forma- 
tion, generally  speaking  a  short  day  affords  optimum  conditions  for 
formation  of  tubers  and  produces  the  maximum  yield  in  relation  to 
general  development  of  the  plant.  An  initial  exposure  to  a  long  day  so 
as  to  favor  extensive  top  development,  followed  by  exposure  to  a  short 
day  to  induce  rapid  tuberization  usually  produces  maximum  absolute 
yield  of  tubers.  The  reverse  treatment,  due  to  the  afteraffect  of  the 
initial  short-day  exposure,  may  produce  a  small  crop  of  tubers,  but 
frequently  the  subsequent  long-day  effect  causes  the  tubers  to  revert  to 
stolons  and  give  rise  to  new  shoots.  Kondo  (38)  found  that  a  short-day 
exposure  throughout  the  seed-bed  stage  produced  two  crops  of  panicles 
in  the  rice  plant,  but  shorter  treatments  produced  no  persisting  effects. 

SUPPLEMENTARY  ARTIFICIAL  ILLUMINATION  AND  CONTINUOUS  LIGHT 

As  was  pointed  out  in  the  introductory  paragraphs,  early  workers 
found  that  with  certain  species  night  illumination  with  artificial  light 
from  various  sources  could  be  used  successfully  as  a  supplement  to  day- 
light to  increase  the  rate  of  growth  and  development.  Some  of  these 
investigators  arrived  at  the  general  conclusion  that  plants  do  not  require 
a  daily  rest  period.  In  most  cases  not  much  attention  was  given  to  the 
intensity  of  the  artificial  illumination  used.  Subsequent  research  has 
show^n  that  while  the  rate  of  development  can  be  increased  by  use  of 
continuous  light  in  many  plants  of  the  long-day  or  indeterminate  types, 
some  are  more  or  less  severely  injured,  or  even  killed,  by  uninterrupted 
illumination.  The  amount  of  injury  undoubtedly  is  influenced  by  the 
intensity  of  the  light  and  by  other  factors.  It  was  observed  by  Garner 
and  Allard  that  in  many  cases  supplementary  illumination  of  an  intensity 
of  less  than  5  foot-candles  when  used  to  prolong  the  daily  light  period 
may  function  much  the  same  as  the  natural  long  day  so  far  as  concerns 
formative  effects.  In  particular  the  supplementary  light  may  promote 
flowering  in  long-day  plants  and  retard  it  in  short-day  plants. 

Similar  observations  have  been  made  by  several  other  investigators. 
Adams  (2)  observed  that  with  a  daylight  period  of  more  than  12  hr. 
weak  supplementary  illumination  for  5  to  6  hr.  prevented  flowering  in 
soy  beans,  did  not  hasten  flowering  in  tomato  or  buckwheat,  retarded 
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growth  in  hemp,  but  aided  growth  and  development  of  spring  wheat. 
Tincker  found  that  by  use  of  supplementary  illumination  of  2  to  5  foot- 
candles  intensity  to  increase  the  light  period  from  12  to  17  hr.,  much  the 
same  effects  were  obtained  as  with  a  natural  daylight  period  of  approxi- 
mately the  same  duration.  Oden  (52)  employed  supplementary  electric 
illumination  in  forcing  various  plants  in  the  greenhouse  and  concludes 
that  as  a  rule  the  gas-filled  incandescent  lamp  supplying  a  preponderance 
of  light  of  the  longer  wave-lengths  is  a  desirable  source,  although  for 
certain  species  best  results  were  obtained  with  light  relatively  rich  in  the 
shorter  wave-lengths. 

As  regards  continuous  illumination  as  such,  generally  speaking  the 
effects  on  reproductive  activity  in  long-day  and  short-day  plants  is  similar 
to  that  of  the  long  day,  that  is,  flowering  and  fruiting  are  accelerated  in 
the  former  and  retarded  in  the  latter.  In  many  plants,  though  by  no 
means  in  all,  continuous  light  produces  maximum  growth,  at  least  with 
the  sources  and  intensities  of  light  that  usually  have  been  employed. 
Apparently  in  no  case  has  uniform  illumination  of  the  intensity  and 
composition  of  strong  sunlight  been  used  in  such  tests.  Results  obtained 
by  several  investigators  with  a  combination  of  daylight  and  artificial 
light  already  have  been  considered.  With  electric  light  of  moderately 
high  intensities  as  the  only  source  of  illumination  Harvey  (31)  was  able 
to  grow  a  number  of  species  from  seed  to  seed,  though  no  controls  were 
provided  for  direct  comparison  with  responses  to  regvilated  day  lengths. 
Ramaley  (54)  grew  several  caryophyllaceous  species  from  seed  to  seed  in 
continuous  light  derived  from  daylight  and  artificial  night  illumination 
and  obtained  earlier  flowering  and  taller  plants  with  the  uninterrupted 
illumination.  In  the  far  North  Smith  (69),  utilizing  the  natural  con- 
tinuous daylight  of  summer,  daylight  supplemented  with  artificial  light, 
and  the  latter  alone,  found  that  with  several  species  the  maximum  mean 
rate  of  development  was  obtained  with  the  continuous  illumination, 
though,  in  some  cases,  the  rate  of  development  per  hour  of  illumination 
was  greatest  with  short  day  lengths. 

On  the  other  hand,  continuous  light  has  been  shown  by  several  investi- 
gators to  produce  definite  injury  to  certain  plants,  and  growth  may  be 
restricted  even  though  no  pathological  symptoms  are  evident.  Reding- 
ton  (60)  finds  that  for  a  number  of  species  studied  a  daily  period  of  dark- 
ness is  not  essential,  although,  in  most  cases,  the  largest  and  best  plants 
were  obtained  with  a  16-hr.  day.  Arthur  and  others  (5)  grew  numerous 
species  in  different  day  lengths  and  in  continuous  light  supplied  as  artifi- 
cial illumination  alone  or  daylight  supplemented  with  the  artificial 
illumination.  The  carbon  dioxide  supply  also  was  varied  and  the 
conditions  were  accurately  controlled.  In  general  the  continuous 
illumination  was  more  effective  when  the  carbon  dioxide  supply  was 
increased.     Tomato   was   unable   to   tolerate   continuous   illumination. 
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though  it  was  somewhat  less  injured  when  sunUght  entered  into  the 
ilhimination.  It  is  thought  that  the  injury  which  involves  defohation  is 
produced  by  a  breaking  down  in  the  process  of  photosynthesis  rather 
than  excess  accumulation  of  photosynthetic  products.  Pelargonium, 
Coleus,  and  Nicotiana  Tahacum  also  showed  definite  injury  in  the  con- 
tinuous light.  Furthermore,  some  species  which  showed  no  definite 
injury  were  unable  to  benefit  in  growth  from  the  continuous  light  as 
compared  with  an  18-  or  19-hr.  day-length. 

Reference  was  made  in  the  introductory  paragraphs  to  the  work  of 
Bonnier  (9)  who  obtained  important  modifications  in  leaf  and  stem  struc- 
ture in  plants  exposed  to  continuous  artificial  light.  However,  in  a 
comparison  of  the  anatomical  effects  of  continuous  light  and  various  day- 
lengths  on  several  species  grown  under  controlled  conditions  Pfeiffer  (53) 
was  unable  to  confirm  Bonnier's  results.  Several  other  investigators 
before  and  after  PfeifTer's  work  have  reported  a  similar  experience,  so 
that  apparently  the  effects  observed  by  Bonnier  were  due,  at  least  in  part, 
to  other  factors. 

INTERRELATIONSHIP  OF  OTHER  ENVIRONMENTAL  FACTORS 

The  manner  and  extent  to  which  normal  response  to  the  day-length 
factor  may  be  influenced  by  other  factors  of  the  environmental  complex 
recently  have  been  the  subject  of  considerable  study.  As  perhaps  would 
be  expected,  it  has  been  found  that  the  relations  are  complex  and  under 
certain  conditions  the  day-length  effect  may  be  variously  modified  or 
interfered  with  through  the  intervention  of  other  supporting  or  opposing 
factors.  Temperature  perhaps  is  the  most  important  factor  involved. 
Suboptimal  temperature,  of  course,  will  tend  to  slow  down  the  rate  of 
growth.  Temperature  also  may  have  important  effects  on  the  rate  and 
the  character  of  development.  Again,  the  natural  seasonal  change  in 
length  of  day  commonly  is  followed  by  a  corresponding  change  in  mean 
temperature. 

In  a  study  of  Xanthium  pennsylvanicum,  a  short-day  type,  exposed  to 
different  combinations  of  temperature  and  day  length  Gilbert  (30)  found 
temperature  to  be  a  determining  factor  in  influencing  the  time  of  forma- 
tion of  flower  primordia,  but  this  effect  was  closely  associated  with  a 
response  to  length  of  day.  The  interrelation  of  day  length  and  tempera- 
ture w'as  found  to  be  as  follows:  A  high  temperature,  short-day  exposure 
gave  quick  flowering;  high  temperature  and  long  day  resulted  in  definite 
delay  in  flowering;  low  temperature  and  short  day  decidedly  prolonged 
vegetative  activity;  low  temperature  and  long  day  also  prolonged  the 
vegetative  period.  In  investigating  the  physiological  factors  which  may 
determine  the  duration  of  the  vegetative  period  in  plants  Maximov  (44) 
finds  that  in  addition  to  winter  annuals  some  of  the  late-maturing  forms 
of  summer  types  may  be  much  hastened  in  completion  of  the  life  cycle 
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by  the  aftereffects  of  germination  in  the  cold.  However,  on  the  basis 
of  experimental  data  obtained,  this  investigator  concludes  that  length  of 
day  is  more  effective  and  more  general  in  its  action  as  a  formative  factor, 
only  relatively  few  plants  being  indifferent  to  the  light  period. 

In  a  study  of  interrelationship  of  temperature  and  length  of  day 
as  affecting  winter  and  spring  types  of  cereals  Enomoto  (20)  found  that 
in  all  varieties  of  wheat  and  barley  tested  heading  was  accelerated  by 
high  temperature,  wheat  being  somewhat  more  sensitive  than  barley. 
As  a  whole  the  wheat  varieties  were  much  less  sensitive  to  day  length 
than  the  barley  varieties.  The  most  typical  winter  varieties  are  least 
sensitive  to  both  high  temperature  and  long  day,  while  the  most  typical 
spring  varieties  are  highly  sensitive  either  to  high  temperature  or  to  day 
length  or  they  are  moderately  sensitive  to  both.  Among  varieties  show- 
ing a  similar  grade  of  response  to  one  of  these  factors  the  grade  of  the 
spring-growing  habit  is  correlated  with  the  grade  of  response  to  the  other 
factor.  Further,  the  grade  of  the  spring-growing  habit  may  be  roughly 
proportional  to  the  sum  of  the  grades  of  responses  to  high  temperature 
and  to  long  day. 

The  comparative  responses  of  early-,  medium-  and  late-maturing 
varieties  of  soy  beans  to  temperature  and  day  length  were  studied  under 
partially  controlled  conditions  by  Garner  and  Allard  (25).  In  greenhouse 
plantings  made  at  short  intervals  through  the  year  under  favorable 
temperature  conditions  all  three  varieties  reached  the  flowering  stage  in 
about  25  days  when  grown  during  the  period  of  6  months  in  which  the 
day  length  was  relatively  short  and,  therefore,  behaved  as  early-maturing 
sorts.  With  the  increasing  day  length  of  spring,  however,  first  the  late 
and  subsequently  the  medium  forms  suddenly  changed  from  the  spring- 
fiowering  to  the  fall-  or  late-summer-flowering  type,  that  is,  flowering 
was  deferred  till  the  return  of  short  days.  In  the  early  sort  the  duration 
of  the  vegetative  stage  did  not  undergo  any  marked  change.  The 
increasing  length  of  day  apparently  exercised  a  definite  selective  action 
on  the  different  varieties.  With  a  fixed  day  length  of  10  hr.,  outdoor 
plantings  made  at  intervals  through  the  growing  season  showed  close 
correlation  of  the  length  of  the  preflowering  stage  with  the  mean  tempera- 
ture, but  relatively  low  temperature  delayed  flowering  to  about  the  same 
extent  in  the  latest  and  earliest  varieties.  Apparently  change  in  tempera- 
ture exercised  no  selective  action  on  the  different  varieties.  These 
data  and  the  results  of  extensive  field  plantings  indicate  that  in  this 
particular  species  variations  in  duration  of  the  vegetative  stage  from 
year  to  year  in  both  early  and  late  varieties,  when  planted  on  any  particu- 
lar date,  are  due  chiefly  to  differences  in  temperature,  while  length  of  day 
is  the  principal  external  factor  responsible  for  the  fact  that  in  higher 
latitudes  one  variety  is  always  relatively  early  and  another  late  in 
flowering  and  fruiting. 


FHOTOPERIODISM  699 

The  interrelationship  of  intensity  and  duration  of  ilhimination  also  is 
of  interest,  more  especially  in  that  the  product  of  the  two  constitutes  the 
amount  of  light  received  by  the  plant.  It  will  be  recalled  that  Klebs 
regarded  the  quantity  of  the  light  energy  as  of  decisive  importance. 
It  is  now  known,  however,  that  this  will  hold  true  only  for  certain  condi- 
tions and  usually  within  rather  narrow  limits.  It  has  been  made  clear 
that  prolonging  the  daily  light  period  by  means  of  exceedingly  weak 
illumination  may  change  the  rate  and  character  of  growth  quite  out  of 
proportion  to  the  quantity  of  light  energy  added.  Shading  tests  (23) 
with  soy  beans  have  shown  that  reducing  the  intensity  of  sunlight  to 
less  than  a  third  of  the  normal  does  not  materially  affect  the  time  of 
flowering.  It  is  to  be  recalled,  also,  that  midday  darkening  for  several 
hours  and  thus  excluding  more  than  50  per  cent  of  the  total  light  energy 
usually  produces  no  important  formative  effects,  whereas  cutting  off 
less  than  5  per  cent  of  the  light  energy  by  early-morning  or  late-afternoon 
darkening  may  cause  definite  formative  action. 

A  comparative  study  of  the  effects  of  intensity  and  duration  of  sun- 
light on  vegetative  development  of  Raphanus  sativus  L.  was  made  by 
Johansson  (32)  in  w^hich  parallel  cultures  in  the  greenhouse  were  sub- 
jected to  day  lengths  of  6,  8,  10,  12  hr.,  and  the  full  day,  wath  intensities 
of  23,  39,  and  70  per  cent  of  full  sunlight.  Total  growth  increased  with 
increase  in  both  the  duration  and  the  intensity  of  illumination  though 
not  in  the  same  degree  from  the  standpoint  of  energy  relations.  The 
root  and  the  aerial  organs  responded  differently  to  the  two  factors.  The 
former  is  more  sensitive  than  the  latter  to  increase  in  the  light  period. 
With  the  highest  intensity  of  light,  maximum  root  weight  was  obtained 
in  the  full  day  but  with  lower  intensities  in  the  12-hr.  day.  Root  growth 
increased  with  increase  in  intensity  of  light  with  all  day  lengths,  but 
for  the  leaf  this  relation  held  only  with  the  6-  and  8-hr.  Ught  periods. 
The  ratio  of  root  development  to  total  weight  increased  in  all  cases  with 
increased  light  intensity  but  was  not  further  increased  by  lengthening 
the  day  beyond  10  or  12  hr. 

Smith  (69)  concludes  from  an  analysis  of  his  results  that,  while  both 
the  daily  duration  and  the  intensity  of  light  influence  the  rate  of  develop- 
ment as  well  as  the  amount  of  growth,  the  light  period  has  the  greatest 
effect  on  rate  of  development,  and  light  intensity  chiefly  affects  the  total 
production  of  dry  matter.  This  conclusion,  within  limits,  appears  to  be 
well  supported  by  the  data  of  other  workers  which  already  have  been 
discussed. 

Save  for  the  observations  of  Oden,  to  which  brief  reference  was  made 
in  the  discussion  of  supplementary  artificial  illumination,  it  appears 
that  as  yet  no  detailed  study  of  the  interrelationship  of  spectral  com- 
position of  light  and  length  of  day  has  been  made.  Comparatively  little 
has  been  done,  also,  as  to  interrelationship  of  humidity  or  water  supply 
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and  the  day-length  factor.  With  soy  beans  Gamer  and  Allard  (22) 
found  under  the  conditions  of  the  experiment  that  differences  in  water 
supply  of  the  soil  had  no  effect  on  time  of  flowering,  though  a  condition  of 
comparative  drought  slightly  hastened  ripening  of  the  seed.  Gilbert  (29) 
found  that  photoperiodic  response  was  delayed  in  soy  beans  by  a  com- 
bination of  relatively  low  temperature  and  high  humidity,  was  delayed  in 
Cosmos  by  the  reverse  combination  of  higher  temperature  and  lower 
humidity,  and  was  not  affected  by  the  ranges  covered  in  salvia.  Inter- 
relationships of  day  length  and  the  supply  of  essential  nutrients  will 
be  considered  in  the  discussion  of  internal  conditions  of  the  plant  in  rela- 
tion to  the  light  period. 

EFFECTS  OF  ABNORMAL  LIGHT  PERIODS 

Following  up  the  fact  that  midday  darkening,  which  in  effect  divides 
the  daily  illumination  into  two  short  light  periods,  fails  to  induce  the 
usual  responses  of  short-day  and  long-day  plants  to  a  short  day.  Garner 
and  Allard  (27)  have  studied  the  effects  of  abnormally  long  and  short 
alternations  of  light  and  darkness.  Darkening  in  the  middle  of  the  day, 
even  for  as  long  as  4  or  5  hr.,  does  not  hasten  reproductive  activity  in 
the  short-day  type  nor  does  it  ordinarily  delay  reproductive  processes  in 
the  long-day  type.  In  these  respects  the  effects  are  negative,  the  plants 
behaving  as  when  exposed  to  the  full  day.  Growth  and  general  nutrition 
of  the  plant,  however,  may  be  adversely  affected.  When  the  plants  were 
completely  darkened  on  alternate  days  during  the  summer  months,  thus 
introducing  a  48-hr.  cycle  of  about  15  hr.  of  light  and  33  hr.  of  darkness, 
the  general  effect  was  that  of  a  short  day,  though  this  effect  was  materially 
weakened.  Exposing  plants  alternately  to  the  full  summer  day  and  a 
10-hr.  day  length  produced  an  effect  intermediate  between  those  of  a 
short  day  and  a  long  day  with  respect  to  initiation  of  flowering. 

Plants  of  the  long-day  and  short-day  types  were  grown  with  short 
alternations  of  equal  light  and  darkness  ranging  from  6  hr.  to  as  short  as 
5  sec,  using  high-intensity  artificial  illumination.  In  all  cases  the 
effects  on  flowering  were  the  same  as  those  obtained  with  midday  darken- 
ing, that  is,  all  long-day  plants  flowered  readily  while  short-day  plants 
remained  in  the  vegetative  stage.  The  results  are  essentially  those 
obtained  with  a  long-day  or  continuous  illumination.  On  the  other 
hand,  the  differential  effects  of  the  various  alternations  on  nutrition  and 
growth  of  the  plants  were  striking.  As  the  equal  periods  of  light  and 
darkness  were  progressively  shortened,  there  was  increasing  evidence  of 
malnutrition  and  retardation  in  growth  which  in  most  cases  reached  a 
climax  with  the  1-min.  intervals.  With  further  shortening  of  the  alter- 
nations there  was  definite  improvement  in  the  condition  of  the  plants 
and  with  the  intervals  of  5  sec.  the  general  nutrition  and  growth  of  the 
plants  appeared  to  be  normal.     The  long-day  and  short-day  plants  were 
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affected  in  much  the  same  way.  The  injurious  effects  of  the  intermediate 
alternations  of  Ught  and  darkness  inckided  destruction  of  chlorophyll, 
localized  dying  of  the  leaf  tissue,  reduced  leaf  development,  etiolation, 
and  decrease  in  stem  growth  and  in  production  of  dry  matter.  When  the 
duration  of  the  light  periods  was  reduced  to  one-half  that  of  the  periods 
of  darkness,  these  injurious  effects  were  accentuated  and  when  the 
light  intervals  were  correspondingly  increased  the  condition  of  the 
plants  was  improved. 

THE  PHOTOPERIODIC  RESPONSE  AND  HEREDITY 

In  1919,  before  photoperiodic  response  had  been  recognized  as  a 
phenomenon  of  wide  occurrence,  AUard  (3)  made  a  study  of  the  inherit- 
ance of  the  indeterminate  or  nonflowering  type  of  growth  exhibited  by 
the  Maryland  Mammoth  variety  of  tobacco  {Nicotiana  Tahacum)  when 
exposed  to  a  long  day.  It  was  found  that  in  crosses  with  ordinary 
varieties,  which  readily  flower  in  either  long-  or  short-day  lengths,  the 
nonflowering  character  is  recessive  and  Fi  plants  readily  flower  in  a 
long  day.  In  the  F^  generation  the  nonflowering  or  mammoth  plants 
occur  in  proportions  approaching  the  simple  Mendelian  ratio  of  25  per 
cent.  Bremer  (11)  has  reported  observations  on  inheritance  of  day-length 
response  in  lettuce,  the  winter  or  spring  and  the  summer  sorts  of  which 
respond  differently  to  length  of  day.  The  former  develop  no  heads  in 
the  long  days  of  summer  but,  on  the  contrary,  at  once  produce  flowering 
stems.  The  summer  sorts  are  relatively  indifferent  to  day  length,  form- 
ing heads  in  both  long  and  short  days.  Bremer  showed  that  this  contrast 
in  response  rests  on  a  simple  Mendelian  character.  The  allelomorph 
"formation  of  flowering  stem  is  linked  with  day  length"  is  dominant  over 
the  allelomorph  "formation  of  flowering  stem  is  not  linked  with  day 
length."  Further  work  will  be  required  to  determine  to  what  extent 
such  simple  inheritance  relations  apply  to  other  species  and  to  other 
features  of  photoperiodism. 

PHOTOPERIODISM  IN  THE  LOWER  GREEN  PLANTS 

Research  has  shown  that  some  of  the  lower  green  plants  are  capable 
of  responding  to  differences  in  the  Ught  period  to  a  degree  comparable 
with  the  effects  on  the  higher  plants.  Karling  (33)  has  reported  results 
obtained  with  the  aquatic,  Chara  fragilis  Desvaux  exposed  to  the  winter 
daylight  alone  and  supplemented  with  electric  light  at  night.  Under 
the  conditions  of  the  experiments  length  of  day  appears  to  be  a  primary 
factor  in  inducing  the  formation  of  antheridia  and  oogonia,  the  supple- 
mentary illumination  of  very  low  intensity  effecting  rapid  response  in 
midwinter,  while  in  nature  fruiting  occurs  only  in  summer  and  early 
fall.  Under  the  conditions  temperature,  within  the  minimum  and 
maximum  hmits  for  vegetative  growth,  apparently  is  a  secondary  factor 
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in  determining  the  production  and  functional  activity  of  antheridia  and 
oogonia  in  this  species. 

Cultures  of  the  liverwort  Marchantia  polymorpha  L.  were  exposed 
to  various  day  lengths  in  experiments  conducted  by  Wann  (76).  It 
was  found  that  this  species  responds  to  length  of  day  in  a  similar  manner 
to  that  characteristic  of  long-day  flowering  plants.  When  subjected  to 
an  artificially  lengthened  daily  light  period  in  winter,  mature  antheridio- 
phores  are  produced  in  3  to  4  weeks,  mature  archegoniophores  in  6  to 
8  weeks  and  mature  sporophytes  in  10  to  12  weeks.  A  relatively  high 
humidity  tends  to  hasten  the  sexual  response. 

Owing  to  its  small  size  and  simplicity  of  form,  one  of  the  aquatic 
seed  plants,  Lemna  major,  will  be  treated  here  with  these  species.  Clark 
(12)  has  investigated  the  effects  of  intensity  and  daily  duration  of  light 
on  reproduction.  Under  suitable  nutrient  conditions  the  rate  of  repro- 
duction was  directly  proportional  to  the  light  period  including  continuous 
illumination.  At  all  day  lengths  reproduction  was  more  rapid  at  900 
than  at  400  foot-candles.  Ashby  (6)  also  investigated  the  interrelation- 
ship of  intensity  and  duration  of  light  in  the  growth  of  Lemna.  Colonies 
were  grown  at  constant  temperature  in  a  flowing  nutrient  solution  with 
day  lengths  of  6  and  12  hr.  and  continuous  light,  at  intensities  of  350, 
700,  and  1400  foot-candles.  At  lower  intensities  light  added  as  "dura- 
tion "  or  as  intensity  has  the  same  effect  on  growth.  Under  the  conditions 
continuous  light  in  all  cases  gave  the  highest  growth  rate.  The  rate  of 
growth  increases  with  increase  in  intensity  of  light  up  to  700  foot-candles, 
but  falls  off  markedly  at  1400  foot-candles.  At  all  intensities  the 
highest  constants  of  body  weight  occur  with  the  6-hr.  light  period  and 
the  lowest  with  continuous  light. 

INTERNAL  CONDITIONS  OF  THE  PLANT  IN  RELATION  TO 

PHOTOPERIODISM 

Considerable  research  has  been  carried  out  on  internal  conditions  of 
the  plant  associated  with  the  photoperiodic  response,  primarily  for  the 
purpose  of  throwing  light  on  the  problem  as  to  the  mode  of  action  of  the 
light  period  in  influencing  growth  and  development.  While  the  data 
obtained  as  a  whole  are  of  considerable  interest  in  themselves,  it  must 
be  admitted  that  relatively  little  progress  has  been  made  in  determining 
the  mechanism  involved  in  photoperiodic  response.  In  particular,  no 
adequate  explanation  has  been  developed  as  to  why  a  long  day  favors 
reproductive  activity  in  one  group  of  plants  while  a  short  day  favors 
reproduction  in  a  second  group.  Lubimenko  and  Szeglova  (42)  consider 
that  a  fundamental  physiological  distinction  exists  between  the  long-day 
and  short-day  plants  in  that  the  specific  ratio  of  the  energy  of  respiratory 
processes  of  oxidation  to  the  photosynthetic  processes  of  reduction  is 
greater  in  the  former  than  in  the  latter.  However,  it  is  to  be  recalled 
that  frequently  there  is  extensive  storage  of  unused  carbohydrate,  with 
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or  without  flowering  and  fruiting,  in  plants  of  both  groups,  when  they 
are  exposed  to  a  short  day.  These  authors  suggest  that  the  striking 
effects  of  the  hght  period  are  the  result  of  a  twofold  action  of  light,  first, 
its  indirect  action  through  the  medium  of  carbohydrate  produced  in 
photosynthesis  and,  second,  its  direct  activating  effect  on  chemical 
reactions  taking  place  in  the  embryonic  tissue  of  the  growing  point. 

That  the  contrast  in  response  of  long-day  and  short-day  plants  to 
length  of  day  cannot  be  explained  on  the  basis  of  photosynthesis  alone  is 
indicated  by  the  fact  that  artificial  illumination  of  exceedingly  low 
intensity  when  used  to  lengthen  the  daily  light  period  is  capable  of  repro- 
ducing the  characteristic  formative  effects  of  high-intensity  long-day 
illumination.  Moreover,  Tageeva  (70),  in  Maximov's  laboratory,  has 
made  direct  comparison  of  the  intensity  and  the  daily  course  of  assimila- 
tion, as  measured  by  absorption  of  CO2  and  increase  in  dry  weight,  in  the 
oat  (a  long-day  type)  and  millet  (a  short-day  type)  under  natural  growing 
conditions  and  exposed  to  a  long  day  and  a  short  day,  respectively. 
There  was  no  significant  difference  in  the  daily  assimilation  curves  in  the 
long-day  and  the  short-day  types  of  plant  nor  in  assimilation  intensity 
in  the  two  types.  It  appears,  therefore,  that  there  is  no  definite  relation 
between  assimilation  in  the  long-day  and  short-day  plants  and  their 
photoperiodic  responses.  It  was  found,  also,  there  is  no  fixed  relation 
between  assimilation  intensity  and  the  accumulation  of  dry  matter  in 
different  day  lengths.  The  sharp  contrast  in  accumulation  of  dry 
matter  between  long-day  and  short-day  types  exposed  to  a  long  or  a 
short  day  is  due  not  so  much  to  difference  in  working  capacity  of  the 
chlorophyll  apparatus  as  to  difference  in  the  utilization  of  the  assimilate. 

Considerable  experimental  work  has  been  done  to  determine  the 
applicability  of  the  C/N  ratio  of  Kraus  and  Kraybill.  Auchter  and 
Harley  (7)  found  from  preliminary  studies  that  the  short-day  plant, 
Biloxi  soybeans,  which  quickly  flowered  in  a  short  day,  contained  at 
flowering  time  a  relatively  high  percentage  of  total  sugars  and  starch 
and  a  low  percentage  of  total  nitrogen.  The  plants  exposed  to  the  full 
summer  day  showed  similar  relations  when  they  later  reached  the  flower- 
ing stage  in  response  to  the  decreasing  length  of  day.  Plants  darkened 
at  midday  were  much  delayed  in  flowering  and  did  not  fruit,  and  in  these 
plants  the  percentages  of  sugar  and  starch  were  low,  the  soluble  nitrogen 
was  low,  but  the  insoluble  nitrogen  was  relatively  high.  However, 
plants  exposed  to  continuous  light  did  not  flower  but,  nevertheless,  when 
analyzed  were  found  to  contain  proportions  of  starch  and  total  carbo- 
hydrates to  nitrogen  quite  similar  to  those  in  the  short-day  plants.  In 
experiments  previously  referred  to,  Gilbert  (30)  obtained  in  Xanthium 
pennsylvanicum,  exposed  to  conditions  of  high  temperature  and  short  day 
or  low  temperature  and  long  day,  ascending  C/N  ratios  as  the  plants 
approached  flower-primordia  formation. 
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Nightingale  (51)  found  that  in  the  short-day  plants,  salvia  and  soy- 
beans, as  well  as  in  buckwheat,  an  indeterminate  type,  and  the  long-day 
plant,  radish,  assimilation  of  nitrate  was  restricted  by  a  7-hr.  day,  whereas 
a  6-hr.  day  did  not  greatly  limit  nitrogen  assimilation  in  the  indeterminate 
plant,  tomato,  provided  available  carbohydrate  was  present.  In  a 
14-hr.  day  tomato  made  little  growth  and  was  unfruitful  if  the  nitrogen 
supply  was  deficient,  but  it  was  vigorously  vegetative  and  fruitful  when 
nitrogen  was  freely  supplied.  When  the  same  plants  were  transferred  to 
a  6-hr.  day,  they  elongated  rapidly  and  flowered  freely  if  nitrogen  was 
still  deficient,  and  associated  with  the  increased  growth  the  percentage 
content  of  carbohydrates  decreased  and  that  of  nitrogen  increased.  If 
nitrogen  was  amply  supplied  both  before  and  after  the  transfer,  growth 
and  flowering  were  checked,  and  associated  with  the  decreased  growth 
the  percentage  content  of  carbohydrates  decreased  and  that  of  nitrogen 
increased.  In  a  6-hr.  day  the  tomato  plants  were  moderately  vegetative 
and  flowered  freely  when  nitrogen  was  deficient  but  were  weakly  vegeta- 
tive and  unfruitful  with  nitrogen  freely  supplied.  Transfer  from  the 
6-hr.  to  the  14-hr.  day,  with  deficient  and  with  ample  supplies  of  nitrogen, 
reversed  the  effects  on  growth  and  reproduction  of  the  transfers  from 
long  to  short  day,  and  the  associated  changes  in  relative  contents  of 
carbohydrates  and  nitrogen  also  were  reversed.  In  salvia  exposed  to  a 
short  day  there  was  accumulation  of  carbohydrate,  presumably  because 
there  was  little  utilization  of  it  in  synthetic  processes.  Transfer  of 
high-carbohydrate  salvia  plants  from  a  short  to  a  long  day  resulted  in 
rapid  growth  in  association  with  loss  of  carbohydrates  and  increased 
assimilation  of  nitrates.  The  root  system  of  weakly  vegetative  high- 
carbohydrate  plants  was  relatively  much  more  extensive  than  that 
of  vigorously  vegetative  low-carbohydrate  plants. 

On  the  basis  of  observations  made  on  Phaseolus  multijiorus  and  data 
reported  by  others  Tincker  (72)  concludes  that  there  is  a  correlation 
between  the  C/N  ratio  and  the  behavior  of  the  plant,  though  it  does 
not  follow  that  the  magnitude  of  the  ratio  actually  determines  plant 
behavior,  for  the  reverse  may  be  true.  It  appears  that  length  of  day 
influences  the  rate  of  elongation  of  the  stem  and  controls  utilization  of 
photosynthetic  compounds,  in  this  way  influencing  the  C/N  ratio  of  the 
tissues.  In  contrast  with  the  conclusions  of  previous  workers,  Arthur 
and  others  (5),  as  a  result  of  extensive  observations  on  many  species 
grown  under  accurately  controlled  conditions  and  exposed  to  various 
day  lengths,  were  unable  to  find  any  relation  between  carbohydrate  and 
nitrogen  content  and  flowering  in  either  long-day  plants,  such  as  radish 
and  lettuce,  or  in  the  short-day  plant,  salvia,  or  in  buckwheat,  an  indeter- 
minate type.  It  was  found  that  percentage  content  of  carbohydrate 
and  nitrogen  in  general  can  be  changed  by  varying  light  intensity, 
length  of  day,   and  in  some  cases  by  changing  the  nitrogen  supply. 
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though  the  range  of  variation  of  these  two  fractions  depends  upon  the 
plant  species.  Salvia  was  prevented  from  fiowering  by  supplementary 
night  lighting  which  caused  very  little  change  in  either  the  carbohydrate 
or  nitrogen  fractions.  Even  in  tomato  there  appears  to  be  little  relation 
between  the  C/N  ratio  and  the  setting  of  fruit.  In  general,  the  per- 
centage of  carbohydrate  increases  and  that  of  nitrogen  decreases  with 
increase  in  length  of  day,  whereas  flowering  is  initiated  by  a  long  or  a 
short  day,  depending  upon  the  species  or  variety. 

As  pointed  out  by  Redington  (60)  and  by  Arthur  and  associates,  in 
seeking  an  explanation  of  the  action  of  day  length  on  flowering  it  is 
necessary  to  take  into  consideration  the  fact  that  the  photoperiodic 
response  can  be  definitely  localized  in  the  plant.  It  has  been  shown  by 
Garner  and  Allard  (24)  that  with  suitable  technique  flowering  in  response 
to  a  short  day  may  be  confined  to  certain  branches  or  stems  of  the  plant 
or  in  particular  regions  of  the  individual  stem.  Knott  (37)  has  presented 
evidence  to  indicate  that  this  effect  can  be  sharply  limited  to  the  apex 
of  the  stem.  Rasumov  (59)  also  has  confirmed  and  extended  the  results 
relating  to  localized  action  of  day  length.  He  finds  that  there  is  no 
specific  plant  organ  for  receiving  the  photoperiodic  stimulation,  which  is 
more  readily  transmitted  downward  than  upward  in  the  plant.  The 
underground  tuber-forming  portion  of  the  plant  receives  the  mutually 
opposed  influences  of  parts  receiving  a  long  and  a  short  day,  and  tuber 
formation  takes  place  or  is  suppressed  depending  on  relative  intensity 
of  the  two  influences.  Redington  suggests  that  the  action  of  the  light 
on  the  differentiating  tissue  must  be  a  direct  one  and  of  a  photocatalytic 
nature.  Arthur  and  associates  also  conclude  that  the  effect  of  light 
in  initiating  flowering  may  be  directly  upon  the  protoplasm  of  the  cells 
at  the  growing  point  without  perceptible  change  in  chemical  composition. 

The  mineral  nutrition  of  the  plant  in  relation  to  the  length-of-day 
effect  thus  far  has  not  received  much  attention.  Borodin  (10)  has 
reported  observations  on  the  influences  of  variation  in  the  supply  of 
essential  nutrients  on  photoperiodic  response  in  the  long-day  plant, 
Mongolian  barley,  and  in  the  short-day  plant,  Saratov  millet.  At  a  very 
early  stage  of  development  of  water  cultures  of  these  plants  the  three 
elements,  nitrogen,  phosphorus,  and  potassium  were  singly  withdrawn 
in  parallel  series.  Separate  groups  of  these  cultures  and  the  controls 
growing  in  a  complete  nutrient  solution  were  exposed  to  day  lengths  of 
18,  12,  and  9  hr.  The  C/N  ratios  in  the  plants  were  determined  by 
analysis  at  the  tillering,  shooting,  and  earing  stages.  In  the  long-day 
plant,  barley,  nitrogen  deficiency  increased  the  C/N  ratio  and  accelerated 
initiation  of  the  earing  stage  while  phosphorus  deficiency  produced  the 
reverse  effect.  Potassium  deficiency  delayed  the  earing  stage  under 
long-day  conditions  and  the  plants  perished  before  reaching  the  earing 
stage  in  the  short  day.     Nitrogen  hunger  induced  ear  formation  in  the 
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plants  exposed  to  a  9-hour  day  although  barley  normally  does  not  attain 
the  earing  stage  when  exposed  to  a  short  day.  However,  it  was  found 
that  the  C/N  ratio  fluctuates  widely  at  the  beginning  of  the  earing  stage 
under  varying  nutrition  conditions  and,  in  agreement  with  Arthur  and 
associates,  the  author  concludes  that  this  ratio  is  not  the  immediate 
cause  of  the  change  from  the  vegetative  to  the  reproductive  stage, 
though  it  may  be  regarded  as  an  attendant  factor.  As  regards  the 
short-day  plant,  millet,  lack  of  nitrogen  and  potassium  affected  develop- 
ment as  a  whole  and  did  not  influence  the  throwing  up  of  the  panicle. 
Only  lack  of  phosphorus,  which  strongly  depressed  growth,  delayed 
appearance  of  the  panicle.  The  conclusion  drawn  by  Borodin  would 
seem  to  approximately  represent  the  present  status  of  the  problem  of 
interrelation  of  the  C/N  ratio  and  the  phenomenon  of  photoperiodism. 

Tincker  (74)  has  made  a  study  of  the  influence  of  length  of  day  in 
combination  with  variation  in  the  supply  of  potassium  upon  the  rate 
of  accumulation  of  carbohydrates  in  the  storage  organs  of  Phaseolus 
multifiorus,  Dahlia,  and  Stachys  tuherifera.  The  rate  of  accumulation  of 
these  products  in  the  roots  and  tubers  was  governed  by  the  light  period. 
Replacement  of  potassium  by  sodium  was  without  much  visible  effect 
upon  the  rate  of  tuber  formation,  but  in  a  short  day  lack  of  potassium 
caused  less  dry  matter  to  pass  to  the  underground  structures.  In  all 
cases  potassium  accumulated  gradually  in  the  tubers. 

In  a  study  of  hydrogen  ion  concentration  of  the  cell  sap  in  relation 
to  the  photoperiodic  response  Garner,  Bacon,  and  Allard  (28)  showed  that 
transfer  of  the  short-day  type  of  plant  from  a  long  day,  in  which  the  plant 
is  vigorously  vegetative,  to  a  short  day  causes  a  sharp  though  temporary 
rise  in  the  pH  value  which  usually  occurs  after  3  to  5  days  and  is  believed 
to  indicate  definite  transition  from  the  vegetative  to  the  flowering 
condition.  Acidity  relations  in  long-day  plants,  as  represented  by 
Rudbeckia,  when  exposed  to  a  long  day  are  more  or  less  similar  to  those 
found  in  short-day  plants  exposed  to  a  short  day.  Similarly  Knott  (37) 
considers  that  transition  from  the  vegetative  to  the  reproductive  stage 
is  associated  with  decrease  in  catalase  activity  in  the  embryonic  tissue 
involved.  In  a  number  of  plant  species  studied  Lubimenko  and  Szeglova 
(42)  conclude  that  usually  the  chlorophyll  content  attains  a  maximum 
in  an  intermediate  day  length  and  decreases  in  either  a  longer  or  a  shorter 
day.  Murneck  (50)  found  the  same  relative  quantities  of  the  chlorophylls 
a  and  b  in  the  leaves  of  soy  beans,  cosmos,  and  salvia  exposed  to  short 
and  long  days,  and  consequently  in  the  reproductive  and  vegetative 
stages,  respectively,  but  there  was  an  increase  in  xanthophyll  and 
carotin  under  the  short-day  conditions. 

LENGTH  OF  DAY  AS  AN  ECOLOGICAL  FACTOR 

The  results  of  the  extensive  experimentation  which  has  been  carried 
out  on  the  numerous  ways  in  which  the  plant  may  be  affected  by  relative 
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length  of  day  and  night  naturally  suggest  that  photoperiodism  is  often 
a  factor  of  considerable  importance  in  the  varying  behavior  of  a  particular 
species  or  variety  at  different  seasons  of  the  year  and  in  different  latitudes 
as  well  as  in  the  natural  distribution  of  plants  generally.  Various  angles 
of  the  subject  have  received  the  attention  of  investigators.  However, 
approach  to  the  problem  by  way  of  direct  experimentation  is  made 
difficult  by  the  fact  that  in  nature  the  photoperiodic  response  is  subject  to 
modification  by  various  other  factors  of  the  environment  complex. 
Garner  and  Allard  have  emphasized  the  significance  of  the  photoperiodic 
effect  as  explaining  why  some  varieties  of  such  warmth-loving  summer 
plants  as  soy  beans  consistently  are  relatively  early  in  maturing  while 
others  mature  later.  In  soy  beans  changing  day  length  apparently 
exercises  a  selective  action  on  the  early  and  late  forms  whereas  differences 
in  temperature  seem  to  have  much  the  same  effect  on  both  forms.  It  is 
considered  that  the  chances  for  successful  reproduction  in  this  type  of 
plant  in  a  given  region  will  depend  largely  on  whether  the  day-length 
requirements  are  such  as  will  permit  completion  of  the  reproductive 
process  before  frost  in  the  fall. 

From  extensive  observations  on  species  differing  widely  in  habitat 
Lubimenko  and  Szeglova  (42)  conclude  that  specific  photoperiodic 
adaptation  has  developed  under  natural  conditions  of  illumination  during 
the  period  of  vegetation  and  is  dependent  on  the  geographical  latitude 
of  the  habitat.  In  general,  tropical  and  subtropical  plants  are  adapted 
to  a  short  day  and  normally  develop  within  a  range  of  day  length  of 
about  10  to  14  hr.;  Arctic  species  growing  above  a  latitude  of  about  60° 
are  adapted  to  a  very  long  day;  species  of  the  temperate  zone  may  be 
adapted  to  a  relatively  wide  range  in  day  length  extending  from  the  short 
day  of  spring  and  autumn  to  the  moderately  long  day  of  summer.  These 
authors  remark  that  from  the  standpoint  of  general  biology  hereditary 
adaptation  to  length  of  day  is  extremely  interesting,  as  a  result  of  the 
direct  action  of  the  medium  on  the  plant  organism.  This  adaptation 
manifests  itself  as  an  entirely  negative  character,  for  it  serves  only  to 
diminish  the  plasticity  and  cannot  give  any  advantage  to  the  plant. 

Doroshenko  (17)  and  Doroshenko  and  Rasumov  (19)  have  made  an 
interesting  study  of  the  day-length  requirements  of  a  variety  of  forms  of 
wheat,  barley,  oats,  rye,  flax,  beans  (Phaseolus),  peas  (Pisum),  and  other 
species  in  relation  to  the  geographical  latitude  of  their  origin.  It  was 
established  that  in  general  a  definite  relationship  exists  between  response 
of  a  given  form  to  day  length  and  its  origin  with  reference  to  latitude. 
Southern  forms,  which  normally  grow  in  days  of  shorter  duration,  for  the 
most  part  are  less  retarded  in  attaining  the  reproductive  stage  and  suffer 
less  reduction  in  yield  of  seed  when  exposed  experimentally  to  a  shortening 
of  the  day  than  the  northern  forms  which  are  accustomed  to  longer 
days.  Wheat,  oats,  barley,  and  rye  show  these  characteristics.  In 
Phaseolus  southern  forms  act  as  short-day  plants  and  northern  forms  as 
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long-day  plants.  However,  certain  southern  forms  of  flax  were  markedly 
retarded  by  a  short  day,  and  in  Pisum  certain  southern  forms  suffered 
more  from  a  short  day  than  did  the  northern  forms. 

Kuznetzova  (39)  has  made  a  study  of  the  variation  of  the  vegetation 
period  as  affected  by  geographical  location,  based  on  extensive  experi- 
ments under  the  direction  of  Vavilov  in  which  185  winter  and  spring 
varieties  of  various  cultivated  plants,  mostly  pure  lines,  were  grown  at 
115  stations  representing  all  parts  of  the  Union  of  Socialistic  Soviet 
Repubhcs  during  the  period  1923  to  1927.  The  complete  developmental 
period  of  the  plant  was  divided  into  three  phases:  (a)  from  planting  to 
appearance  of  the  young  shoots;  (6)  from  appearance  of  the  shoots  to 
the  flow^ering  or  earing  stage;  (c)  from  flowering  or  earing  to  ripening 
of  the  seed.  The  duration  of  the  first  phase  is  dependent  on  various 
environmental  conditions,  including  those  of  a  local,  purely  accidental 
character,  the  chief  factors  being  temperature  and  rainfall.  As  regards 
duration  of  the  second  phase  in  relation  to  geographical  location,  all 
plants  tested  were  found  to  fall  into  three  groups:  (a)  those  in  which  the 
time  required  for  completion  of  this  phase  of  development  decreases  with 
increase  in  geographical  latitude  (long-day  plants) ;  (6)  those  in  which  the 
duration  of  this  phase  decreases  with  decrease  in  latitude  (short-day 
plants) ;  (c)  those  which  are  only  slightly  affected  by  geographical  factors 
(indeterminate  or  neutral  plants).  At  the  same  latitude  and  with 
simultaneous  planting  the  duration  of  the  second  phase  is  regulated 
chiefly  by  temperature.  With  equal  conditions  of  temperature  the  dura- 
tion of  the  second  phase  of  development  in  different  latitudes  and  in  the 
same  latitude  but  at  different  altitudes  is  determined  by  the  number  of 
hours  of  sunlight  during  the  day.  Other  factors  such  as  humidity, 
cloudiness,  and  soil  fertilization  play  only  an  insignificant  role  in  such 
principal  phases  of  development  as  earing  or  flowering  or  they  are  of  an 
accidental  character.  Within  the  species  there  is  distinct  relationship 
between  the  origin  of  each  plant  form  and  the  degree  to  which  it  responds 
to  geographical  factors.  With  respect  to  the  third  phase  of  development 
the  behavior  of  all  plants  is  the  same,  the  rate  of  development  increasing 
with  decrease  in  latitude  and,  likewise,  with  decrease  in  altitude.  The 
degree  of  response,  however,  varies  with  the  variety.  The  chief  factors 
influencing  geographical  variation  in  the  length  of  the  third  phase  of 
development  are  temperature,  rainfall,  and  relative  humidity.  In 
contrast  with  its  outstanding  importance  in  the  second  phase,  light  has 
no  perceptible  influence  on  the  third  phase  of  development.  It  is  to  be 
noted,  however,  that  this  latter  conclusion  is  not  entirely  in  accord  with 
results  reported  by  Garner  and  Allard  and  others. 

To  ascertain  whether  the  length-of-day  factor  might  be  responsible 
for  the  fact  that  Australian  varieties  of  wheat  are  early  and  do  not  succeed 
well  in  England  and,  similarly,  that  English  varieties  are  late  and  give 
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unsatisfactory  results  in  Australia,  Forster  and  others  (21)  grew  certain 
varieties  from  each  country  in  different  lengths  of  day  at  Wisley  in 
England,  Aberystwyth  in  Wales,  and  near  Melbourne  in  Australia.  The 
Australian  varieties  were  found  to  be  capable  of  exserting  spikes  under 
shorter  periods  of  light  than  the  British  spring  varieties  which  were  later 
under  all  light  periods.  These  results  may  partly  explain  the  failure 
of  British  varieties  in  Australia  where  the  summer-day  length  is  much 
shorter.  In  experiments  with  woody  species,  conducted  at  Leningrad, 
to  which  reference  already  has  been  made  (page  692),  Mochkov  found 
that  in  the  natural  full  day  Salix  lanata  L.,  a  representative  of  high 
latitudes,  ceased  growth  long  before  winter  set  in,  while  Rohinia  Pseudo- 
Acacia  L.,  from  lower  latitudes,  did  not  stop  its  growth  till  the  branches 
were  killed  by  frost.  It  is  concluded  that  frost  resistance,  one  of  the  chief 
factors  determining  the  northward  range  of  woody  plants,  depends  to  a 
considerable  extent  on  response  of  these  plants  to  length  of  day.  To 
successfully  withstand  the  winter  they  must  terminate  their  vegetative 
activity  in  conditions  of  the  normal  full  day  before  the  advent  of  cold. 

Since  the  range  in  the  annual  cycle  of  day  length  decreases  with 
decrease  in  latitude,  it  might  be  expected  that  photoperiodism  would 
become  of  less  importance  as  an  ecological  factor  as  the  tropics  are 
approached.  However,  results  of  tests  reported  by  McClelland  (46,  47) 
in  Puerto  Rico,  with  an  annual  range  in  length  of  day  only  from  11  to 
13.2  hr.,  would  indicate  that  length  of  day  is  a  factor  of  considerable 
importance  even  in  tropical  regions.  It  appears  that  some  tropical 
species  are  sensitive  to  only  slight  changes  in  day  length.  Allard  (4) 
recently  has  pointed  out  that,  since  the  greatest  variation  in  time  of 
flowering  among  individuals  of  a  population  is  shown  near  the  critical 
day  length  for  flowering  and  with  day  lengths  well  removed  from  the 
critical  this  variation  largely  ceases,  attempts  to  secure  strains  or  races 
of  plants  adapted  to  other  latitudes  logically  should  be  based  upon  selec- 
tion made  near  the  critical  period  of  light  for  flowering  and  fruiting. 
Laurie  and  Poesch  (40)  have  done  considerable  experimentation  in 
utilization  of  the  length-of-day  effect  in  producing  flowering  plants  out 
of  their  normal  season. 
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PLANT  GROWTH  IN  CONTINUOUS  ILLUMINATION 
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Plant  growth  in  supplemental  and  continuous  artificial  light.  Evidence  of  injury 
from  continuous  sunlight.     General  conclusions.     References. 

The  literature  dealing  with  plant  growth  under  continuous  illumina- 
tion falls  naturally  into  three  main  divisions  according  to  the  light  sources 
used.  The  divisions  are:  continuous  natural  sunlight,  sunlight  supple- 
mented by  artificial  light  for  12  hr.  or  longer  each  night,  and  continuous 
artificial  light.  The  earliest  observations  on  the  effect  of  continuous 
light  on  plants  were  concerned  entirely  with  plants  growing  in  con- 
tinuous sunlight  in  the  Arctic  regions.  Observation  and  experimentation 
in  the  other  two  main  divisions  obviously  began  only  with  the  develop- 
ment of  high-intensity  light  sources  which  approached  sunlight  in 
brilliancy  and  which  could  be  maintained  over  a  considerable  period  of 
time. 

At  an  early  date  European  travelers  within  the  Arctic  circle  were 
impressed  with  the  rapid  growth  of  plants  during  the  long  days  as  com- 
pared with  that  of  similar  species  growing  farther  south.  In  this  con- 
nection the  observations  of  Linnaeus,  in  1739,  as  quoted  by  Smith  (27) 
are  of  interest:  "Slowness  of  growth  corresponds  to  the  length  of  summer 
nearer  the  poles,  however,  not  entirely;  because  toward  the  poles  the 
summer  is  shorter  but  also  has  longer  days  and  the  plants  thrive  and  grow 
by  the  heat  of  the  sun.  In  Paris  the  summer  is  longer  than  in  Lapland ; 
therefore  the  plants  ripen  later  in  France  than  in  Lapland,  the  length  of 
time  being  counted  from  the  appearance  of  the  shoots  until  they  bear 
ripe  fruit.  In  Paris  the  cool  nights  are  longer,  during  which  time  the 
plants  rest;  wherefore  they  also  need  more  days  to  ripen.  In  Lapland 
there  is  so  to  speak  no  night  during  the  summer,  therefore  plants  can  grow 
both  day  and  night.  For  example:  In  1732  grain  sown  May  31st  was 
mown  ripe  July  28th,  maturing  in  58  days.  Rye  sown  May  31st,  1732, 
was  mown  August  5th,  maturing  in  66  days.  This  took  place  in  LuleS., 
Lapmarck,  and  could  not  have  happened  farther  south." 

Schiibeler  (25),  in  1880,  also  observed  the  remarkable  development  of 
plants  under  continuous  sunlight  during  the  short  summers  of  the 
Arctic  regions.  More  recently  Albright  (1,  2)  has  called  attention  to  the 
rapid  development  of  grain,  potatoes,  and  various  species  of  vegetable- 
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garden  plants  growing  in  northwestern  Canada  near  the  mouth  of  the 
Mackenzie  River  to  a  point  80  miles  north  of  the  Arctic  circle.  The 
mean  July  temperature  in  this  region  varies  from  56.6°F.  at  Aklavik 
to  59°F.  at  Fort  McPherson,  This  compares  with  a  similar  mean  of 
68.8°F.  at  Ottawa,  Canada,  and  according  to  the  New  York  Observatory- 
records,  a  mean  for  New  York  City  for  64  years  of  75°F.  Twelve  to 
24  in.  below  the  surface  the  soil  remains  permanently  frozen.  Yet  on 
account  of  the  long  days  of  sunlight  many  plants  grow  very  rapidly  and 
manage  to  mature  in  the  short  growing  season.  Crops  such  as  the  potato, 
favored  by  comparatively  low  temperatures  and  long  days  thrive  espe- 
cially well  in  this  region.  Albright  records  a  single  tuber  grown  at  Fort 
Good  Hope  in  1927  which  weighed  17  ounces.  Higgins  (14)  of  the 
Motanuska  Alaska  Station  reports  potato  yields  on  well-fertilized  land 
ranging  up  to  412  bushels  per  acre  depending  upon  the  variety  grown. 
Other  garden  plants,  such  as  beets,  turnips,  peas,  and  cabbage,  grow 
remarkably  well  there. 

Darrow  (8)  has  recently  called  attention  to  the  records  of  the  rapid 
growth  of  tomatoes  and  berries  in  Alaska.     Albright  (1,  2)  has  presented 
numerous  instances  of  grains  and  other  crop  plants  developing  at  an 
ever-increasing  rate  when  the  height  growth  at  a  southern  station  is 
compared  on  the  same  day  with  that  at  a  station  farther  north.     Evans 
(9)  found  that  timothy  plants  propagated  vegetatively  from  the  same 
plant  and  grown  at  various  stations  from  Savannah,  Georgia,  to  Fair- 
banks, Alaska,  reached  the  flowering  stage  at  a  constantly  accelerated 
rate  from  southern  to  northern  stations.     A  late  variety  in  1929  flowered 
at  Jackson,  Tennessee,  on  July  5,  at  Beaverlodge,  Alberta,  Canada, 
July  10,  and  at  Sitka,  Alaska,  August  2nd.     Local  temperature  and  soil 
conditions  affect  the  time  of  maturity  of  plants  at  such  widely  separated 
points  of  observation.     In  addition  the  temperature  is  lower  in  the  early 
spring  and  late  summer  in  the  north.     Even  in  July,  the  month  when  all 
temperatures  at  the  various  stations  should  be  most  nearly  alike,  northern 
stations  have  the  disadvantage  of  a  slightly  lower  temperature  as  com- 
pared with  those  farther  south.     Yet  because  of  the  longer  days  in  the 
north,  plants  reach  maturity  at  about  the  same  time,  or  at  most  only  a 
few  weeks  later  than  similar  varieties  growing  in  the  south.     Probably 
a  much  more  accurate  test  of  the  effects  of  continuous  sunlight  could  be 
obtained  by  growing  the  same  varieties  of  plants  in  greenhouses  at  each 
station  where  temperature  and  soil  factors  could  be  more  carefully  con- 
trolled.    Then  only  the  one  main  factor,  sunlight,  would  need  to  be 
considered  in  studying  the  growth  rate  produced.     To  date  greenhouse 
facilities  in  the  far  north  have  not  been  available  for  such  a  comprehensive 
series  of  experiments  so  that  this  study  must  be  left  for  the  future.     It 
should  be  pointed  out,  however,  that  the  studies  already  cited  indicate 
clearly  that  plants  develop  much  more  rapidly  on  long  days;  the  longer 
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the  day,  apparently  the  faster  the  rate,  and  further,  that  there  is  no 
definite  indication  of  injury  from  exposure  to  continuous  sunlight.  This 
is  not  true  of  plants  grown  under  artificial  light  in  more  carefully  con- 
trolled environments. 

PLANT  GROWTH  IN  SUPPLEMENTAL  AND  CONTINUOUS  ARTIFICIAL 

LIGHT 

The  first  study  of  the  effects  of  electric  light  on  plant  growth  was 
recorded  in  1861  by  Herve  Mangon  (16).  Seedlings  of  rye  grown  in 
darkness  were  exposed  to  an  arc  lamp  for  11  to  12  hr.  each  day  for 
4  days.  The  plants  developed  chlorophyll  and  bent  toward  the  light, 
reacting  in  the  same  way  as  when  exposed  to  sunlight.  Prilheux  (21), 
in  1869,  observed  that  green  shoots  of  the  water  plant  Elodea  canadensis 
gave  off  bubbles  of  oxygen  gas  when  exposed  to  the  light  from  either 
arc  lamps  or  gas  lamps.  He  concluded  that  photosynthesis  took  place 
in  artificial  light  the  same  as  in  sunlight  but  to  a  lesser  degree  on  account 
of  the  lower  intensity  of  artificial  light.  Siemens  (26),  in  1880,  was 
probably  the  first  to  grow  plants  under  continuous  artificial  light.  He 
used  a  carbon-arc  lamp  with  an  output  of  1400  candle  power.  His 
comments  regarding  the  experiments  are  of  interest:  "I  was  induced  to 
look  for  interesting  results  in  these  experiments  on  account  of  the  great 
abundance  of  blue  and  actinic  rays  in  the  electric  arc,  upon  which  its 
value  in  photography  depends.  In  experimenting  with  powerful  electric 
lamps  for  illuminating  purposes  I  have  been  struck,  moreover,  by  the 
action  produced  upon  the  skin,  which  is  blistered,  without  the  sensation 
of  excessive  heat  at  the  time,  an  effect  analogous  to  that  produced  by 
solar  rays  in  a  clear  atmosphere." 

Siemens  first  used  the  arc  lamp  over  a  greenhouse  for  a  few  hours  each 
night.  He  found  that  even  though  the  light  had  to  travel  through  the 
glass  wall  of  the  globe  enclosing  the  arc  and  the  glass  roof  of  the  green- 
house, it  still  produced  an  effect  on  plant  growth  equal  to  about  one- 
half  that  of  sunlight.  Believing  that  the  open  arc  would  be  more 
effective  when  placed  directly  over  plants  in  the  greenhouse,  he  made 
tests  with  cucumber  and  melon  plants  exposed  at  a  distance  of  1  meter. 
Siemens  observed  that  the  plants  developed  considerable  leaf  injury 
at  1  meter  when  exposed  to  the  naked  arc,  but  when  the  distance  was 
increased  to  1.5  to  2.3  meters  no  further  injury  developed,  and  those 
plants  which  were  injured  produced  new  leaves  and  subsequently 
recovered.  Plants  were  then  exposed  for  11  hr.  each  day  to  daylight  and 
again  to  11  hr.  each  night  to  electric  light  for  a  4-day  period.  The 
plants  after  this  treatment  he  observed  far  surpassed  the  control  plants 
receiving  only  daylight  in  both  general  appearance  and  amount  of  green 
pigment  produced.  His  further  conclusion  is  of  special  interest:  "These 
experiments  are  not  only  instructive  in  proving  the  sufficiency  of  electric 
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light  alone  to  promote  vegetation,  but  they  also  go  to  prove  the  important 
fact  that  diurnal  repose  is  not  necessary  for  the  life  of  plants,  although 
the  duration  of  the  experiments  is  too  limited  perhaps  to  furnish  that 
proof  in  an  absolute  manner.  It  may,  however,  be  argued  from  analogy, 
that  such  repose  is  not  necessary,  seeing  that  crops  grow  and  ripen  in  a 
wonderfully  short  space  of  time  in  the  northern  regions  of  Sweden  and 
Norway,  and  Finland,  where  the  summer  does  not  exceed  two  months, 
during  which  period  the  sun  scarcely  sets." 

In  1891,  Bailey  (4)  reviewed  the  literature  on  the  growth  of  plants  as 
related  to  artificial  light  and  added  further  experiments  on  the  growth  of 
lettuce,  radish,  and  other  plants  under  a  combination  of  daylight  supple- 
mented by  artificial  light.  He  observed  that  great  injury  developed  on 
plants  exposed  to  the  naked  arc,  but  when  exposed  to  an  arc  enclosed  in  a 
glass  globe  there  was  little  injury.  Lettuce  heads  developed  fully  two 
weeks  earlier  with  supplementary  lighting.  A  second  report  was  pub- 
lished in  1892  (5). 

In  1894,  Bonnier  (6)  studied  the  structure  of  leaves  and  stems  of 
Arctic  plants  and  compared  these  with  Alpine  plants  growing  at  approxi- 
mately the  same  temperature  but  the  first  under  continuous  sunlight,  the 
other  on  a  normal  day  of  high  intensity.  The  leaves  of  Arctic  plants 
were  thicker  but  less  differentiated  in  structure.  The  palisade  cells 
were  not  well  developed  but  the  mesophyll  tissue  was  of  open  structure 
and  well  developed  in  Arctic  plants.  The  epidermis  and  cuticle  were 
thinner  in  Arctic  plants.  The  question  of  light  intensity  as  well  as  day 
length,  however,  should  be  considered.  Although  the  Arctic  day  is 
continuous,  the  intensity  is  much  lower  than  the  Alpine  day  and  the 
characteristics  found  in  the  Arctic  plants  are  similar  to  those  of  shade 
plants.  In  1895,  Bonnier  (7)  made  a  series  of  very  critical  experiments 
aimed  at  separating  the  two  effects  of  light  intensity  and  continuous 
illumination.  He  used,  as  a  light  source  two  8-amp.  arc  lamps  in  glass 
globes  having  a  low  ultra-violet  transmission.  Plants  were  exposed 
continuously  for  several  months  in  one  series  and  were  compared  with  a 
series  exposed  for  12  hr.  and  then  held  in  darkness  for  12  hr.,  and  again 
compared  with  a  series  growing  in  a  greenhouse  in  normal  sunlight. 
Intensity  was  increased  by  bringing  the  lamps  closely  together,  arranging 
reflecting  mirrors  around  the  plants,  and  shortening  the  distance  from 
the  plants  to  the  lamp.  The  shortest  distance  used  was  0.5  meter,  the 
the  greatest  distance  was  6  meters.  Continuous  illumination  at  low 
intensity  as  compared  with  an  alternation  of  12  hr.  light  with  12  hr. 
darkness,  produced  plants  with  more  chlorophyll  and  less  differentiation 
of  leaf  tissue,  that  is,  with  a  poorly  defined  palisade  layer  and  thin 
epidermis.  Higher  intensities  produced  the  same  effect.  He  concluded 
that  the  structural  changes  produced  by  continuous  illumination  were  due 
to  the  continuity  of  the  light  and  were  independent  of  both  its  nature  and 
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intensity.  He  described  the  effect  of  continuous  illumination  on  plants 
as  a  "green  etiolation"  (^tiolement  vert)  and  stated  that  this  compared 
favorably  with  the  structure  and  appearance  of  Arctic  plants  harvested  at 
Spitzbcrgen. 

Unfortunately  Bonnier  used  only  two  light  sources  in  his  studies, 
sunlight  and  the  arc  lamp.  The  arc  lamp  approaches  sunlight  very 
closely  in  quality.  The  conclusion,  therefore,  that  the  structural 
changes  produced  are  independent  of  the  nature  of  the  light,  in  the  sense 
of  quality  or  wave-length  distribution,  is  not  justified.  Popp  (20)  showed 
that  removing  the  blue  and  all  wave-lengths  shorter  than  5290  A  from 
sunlight  produced  a  type  of  etiolation  characterized  by  thin  stems  and 
thin  leaves,  both  poorly  differentiated,  structurally.  Smith  (27),  using 
both  incandescent  filament  lamps  and  Arctic  sunlight,  compared  barley 
plants  exposed  continuously  with  those  grown  on  shorter  day  lengths  and 
found  no  indication  of  "green  etiolation."  On  the  contrary,  the  green 
tissue  produced  is  described  as  "nicely  green,  but  a  little  light"  on  the 
6-hr.  day  plants  and  "deep  and  glossy  green  without  any  visible  differ- 
ence" in  the  12-,  18-,  and  24-hr.-day  groups.  The  incandescent  filament 
lamp  has  much  more  red  and  infra-red  and  much  less  blue  than  either  the 
carbon-arc  lamp  or  sunlight.  Harvey  (13)  grew  a  number  of  varieties  of 
plants  exposed  continuously  to  filament  lamps.  Potato,  tomato,  and 
other  plants  grown  at  an  intensity  of  380  lumens  per  square  foot  (380 
foot-candles)  grew  well  but  were  somewhat  taller  than  normal,  while 
plants  grown  at  an  intensity  of  680  lumens  per  square  foot  appeared 
much  more  normal.  Guthrie  (12),  using  filament  lamps,  found  that 
either  increasing  the  day  length  toward  continuous  illumination  or 
removing  the  blue  region  from  the  solar  spectrum  resulted  in  a  decrease 
in  chlorophyll.  Johnston  (15)  observed  that  plants  grown  under  an 
energy  distribution  including  the  visible  and  infra-red  were  not  so  green 
as  those  receiving  only  visible  light  with  the  red  region  further  decreased 
by  a  red  infra-red  absorbing  filter.  Arthur  recently  grew  buckwheat 
plants  for  two  weeks  under  continuous  illumination,  using  in  one  case  a 
1000-watt  incandescent  filament  lamp.  Adjoining  this,  with  only  a  sheet- 
metal  baffle  between,  a  similar  set  of  plants  was  grown  under  a  25-amp. 
carbon-arc  lamp.  The  tests  were  made  in  the  constant  condition  room 
at  the  Boyce  Thompson  Institute  for  Plant  Research.  An  attempt 
was  made  to  adjust  the  distance  of  the  two  lamps  so  that  the  total 
energy  at  the  soil  level  was  the  same.  On  account  of  the  inconstancy  of 
the  flaming  arc  and  the  deposit  of  inorganic  material  from  the  carbons  on 
the  glass  globe  enclosing  the  arc,  it  was  found  impossible  to  maintain  the 
same  total  energy  relations.  The  intensities,  how^ever,  were  comparable. 
The  leaves  of  the  plants  grown  under  the  filament  lamp  were  light 
green  in  color  in  contrast  with  those  grown  under  the  arc  lamp  which  were 
very  dark  green  in  color.     It  is  certain,  therefore,  that  both  the  quality 
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and  the  intensity  of  light  produce  characteristic  changes  in  chlorophyll 
pigmentation  and  internal  structure  of  leaves  and  other  plant  organs,  so 
that  the  differences  observed  by  Bonnier  in  the  case  of  plants  grown 
under  continuous  illumination  cannot  be  attributed  wholly  to  the 
continuity  of  the  light.  Since  Bonnier  did  not  record  the  intensity  of 
illumination  in  his  experiments,  it  is  possible  that  the  highest  intensity 
used  was  yet  sufficiently  low  to  produce  some  etiolation  effects,  although 
considering  the  distance  of  the  lamps  from  the  plant  (0.5  meter)  this  does 
not  seem  probable.  Maximov  (17)  studied  the  growth  of  plants  under 
continuous  illumination  using  500-  and  1000-watt  filament  lamps.  He 
compared  the  leaf  structure  with  that  of  plants  grown  under  alternating 
illumination  of  12  hr.  light  and  12  hr.  darkness  and  found  greater  differ- 
entiation of  palisade  and  mesophyll  tissue  under  continuous  illumination. 
This  is  in  direct  contrast  to  the  work  of  Bonnier. 

Pfeiffer  (19)  studied  the  structure  of  leaves  and  stems  of  plants  grown 
both  under  continuous  artificial  light  and  on  a  19-hr.  day,  12  hr.  of  which 
were  sunlight.  Incandescent  filament  lamps  of  1000-  or  1500-watt 
current  consumption  were  used  in  this  work.  She  found  that  continuous 
artificial  illumination  reduced  the  thickness  of  leaves ;  while  some  varieties 
of  plants  grown  on  the  19-hr.-day  conditions  had  thicker  leaves,  others 
had  thinner  leaves.  Higher  carbon  dioxide  concentrations  tended  to 
increase  leaf  thickness.  The  thickness  of  the  palisade  layers  of  cells  in 
general  followed  closely  the  leaf  thickness,  showing  less  palisade  develop- 
ment in  thinner  leaves.  No  marked  variations  in  the  spongy  mesophyll 
layers  of  cells  or  in  the  epidermal  layers  were  noted.  Stomatal  counts 
were  highest  under  the  19-hr.-day  conditions  with  higher  carbon  dioxide 
concentrations  and  least  imder  continuous  artificial  illumination.  In 
the  case  of  buckwheat  plants  grown  on  5,  7,  12,  17,  19,  and  24-hr.  days  of 
artificial  light,  the  maximum  height  and  stem  diameter  were  reached 
on  a  17-hr.  day;  also  the  maximum  amount  of  xylem  development. 
Both  the  19-hr.  day  and  continuously  illuminated  plants,  as  well  as 
those  grown  on  shorter  day  lengths,  showed  correspondingly  less  of  the 
highly  differentiated  tissues. 

Arthur,  Guthrie,  and  Newell  (3)  studied  the  growth  of  several  species 
of  plants  under  artificial  light  alone  and  in  combination  with  sunlight. 
An  attempt  was  made  in  this  work  to  grow  plants  throughout  their  life 
history  with  photosynthesis  at  or  near  its  maximum  rate  by  supplying 
a  high  light  intensity  and  long  day  along  with  increased  carbon  dioxide 
concentration  and  a  relatively  high  temperature.  A  chemical  analysis 
of  many  of  the  plants  was  made  to  determine  the  carbohydrate  relations 
to  increasing  length  of  day  and  increasing  light  intensity.  Height 
growth  and  weight  of  tissue  produced  were  also  recorded.  In  general, 
carbohydrates  and  weight  per  plant  increase  with  day  length  up  to  the 
point  where  foliar  injury  begins  to  be  effective  in  holding  the  plants 
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back.  Tliis  point  was  usually  a  17-  or  19-hr.  day,  although  in  case  of 
tomato  at  high  intensity  the  point  is  reached  on  an  even  shorter  day. 
Some  plants  grown  under  artificial  light,  such  as  the  tomato,  geranium, 
and  coleus,  were  especially  sensitive  to  long  days  of  17,  19,  and  24  hr. 
At  low  intensities,  in  case  of  the  tomato,  the  weight  of  tissue  produced 
increased  with  increasing  day  length  up  to  a  17-  or  19-hr.  day,  while  at 
higher  intensities  the  peak  was  reached  on  a  12-hr.  day.  Cabbage  plants 
were  found  to  increase  in  weight  of  tissue  produced  and  in  total  carbo- 
hydrate with  length  of  day  up  to  17  or  19  hr.,  followed  by  a  decrease  on 
continuous  illumination.  The  dry  weight  of  tissue  produced  increased 
regularly  with  day  length  in  many  of  the  common  grains  and  forage  crops 
such  as  barley,  clover,  wheat,  and  buckwheat  up  to  a  17-  or  19-hr.  day 
and  decreased  again  on  continuous  illumination.  While  many  of  these 
plants  were  able  to  withstand  continuous  artificial  illumination,  they 
were  always  found  to  produce  at  a  maximum  on  a  shorter  day  length, 
usually  on  17  to  19  hr.  The  best  growth  and  dry-weight  production  was 
obtained  in  the  greenhouse  with  12  hr.  of  sunlight  supplemented  by 
6  hr.  of  artificial  light  each  night  and  with  carbon  dioxide  at  about  10 
times  the  normal  concentration.  That  is,  an  18-hr.  day,  12  hr.  of  which 
was  sunlight,  was  found  to  be  the  most  effective  of  all  the  lighting  com- 
binations studied.  Continuous  illumination  which  was  made  up  of 
12  hr.  of  sunlight  supplemented  by  12  hr.  of  artificial  light  each  night 
was  not  so  effective.  The  tomato  was  greatly  injured  by  this  combina- 
tion, while  geranium  and  coleus,  the  two  other  species  which  did  not 
withstand  continuous  artificial  illumination,  withstood  the  combination 
successfully.  In  this  work  it  is  evident  that  long  continuous  exposure  of 
plants  to  the  incandescent  filament  lamp  produces  a  foliar  or  other  injury 
on  many  plants  which  is  reflected  in  less  dry  weight  production.  Sun- 
light is  a  much  better  light  source  for  growing  plants  than  the  incan- 
descent filament  lamp  and  has  a  definite  balancing  effect  when  used  in 
combination  with  supplementary  artificial  light. 

Since  the  tomato  plant  was  found  to  be  the  most  sensitive  to  con- 
tinuous illumination  of  all  plants  studied  by  Arthur,  Guthrie,  and  Newell, 
it  furnishes  a  good  test  plant  for  further  work  on  the  effects  of  quality  of 
light  on  plants.  These  authors  used  carbon  arc  lamps  and  mercury- 
vapor  lamps  in  combination  with  filament  lamps  in  further  tests  with 
tomato  under  continuous  illumination.  Arc  lamps  w^ere  found  to 
retard  the  rate  of  development  of  the  injury  but  the  final  result  was 
the  same  as  under  the  filament  lamps.  Lower  light  intensities  produced 
the  injury  at  a  much  slower  rate  but  produced  greater  height  growth, 
weaker  stems,  and  other  etiolation  effects.  Recent  correspondence  with 
parties  in  both  northern  Canada  and  northern  Sweden  has  established 
the  fact  that  tomatoes  have  been  grown  successfully,  to  the  production  of 
ripe  fruit,  in  both  of  these  places  at  points  within  the  Arctic  circle  on  the 
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continuous  sunlight  which  obtains  in  these  regions  during  the  short  sum- 
mer season.  Attention  has  been  previously  directed  to  the  records  of 
the  growth  of  tomatoes  in  Alaska  (8).  This  is  further  evidence  that 
sunlight  is  a  better  light  source  than  the  artificial  light  which  has  so  far 
been  used  in  the  growth  of  plants.  Much  more  work  needs  to  be  done  on 
both  the  quality  and  intensity  of  light  which  is  best  suited  to  plant  growth. 
When  this  information  is  available,  it  will  be  possible  to  choose  a  light 
source,  or  combination  of  light  sources,  which  is  much  nearer  the  ideal  for 
plant  growth.  It  is  possible  that  sunlight  is  not  ideal  for  the  growth  of 
plants;  on  the  other  hand,  it  is  established  that  sunlight  is  a  better  source 
than  most  of  our  common  electric  lamps. 

Roodenburg  (23)  has  tested  the  effects  of  neon  gas  discharge  tubes  on 
the  growth  of  plants  and  compared  the  rate  of  development  with  plants 
grown  under  both  filament  and  mercury-vapor  lamps.  Because  of  the 
output  of  neon  tubes  in  the  red  region  near  the  main  absorption  band  of 
chlorophyll,  Roodenburg  believes  this  light  source  will  have  some  prac- 
tical significance  in  plant  production.  Intensities  produced  by  the 
consumption  of  75  watts  per  square  meter  he  found  sufficed  for  forcing 
several  varieties  of  plants  as  compared  with  an  energy  consumption  of 
300  to  400  watts  per  square  meter  when  incandescent  filament  lamps 
were  used.  He  found  the  mercury-vapor-arc  lamp  useful  in  supplying 
sufficient  blue  light  to  prevent  excessive  stem  elongation  but  questions 
its  practical  value  as  a  high  intensity  is  required  which  means  higher 
current  consumption. 

Oden  (18)  has  studied  the  growth  of  a  number  of  plants  under  incan- 
descent filament  lamps  on  various  day  lengths  up  to  and  including  con- 
tinuous illumination.  His  studies  were  designed  to  work  out  (intensity  X 
time  of  illumination)  relations  for  commercial  plant  production.  The 
time  was  varied  from  3  to  24  hr.  and  the  highest  intensity  used  was 
120  gm.  cal.  per  day.  This  intensity  was  not  sufficient  for  many  of  the 
plants  studied  but  was  sufficient  for  sweet  peas  and  certain  varieties  of 
beans.  He  found  that  a  current  consumption  of  200  to  500  watts  per 
square  meter  was  necessary  to  grow  plants  from  seed  but  a  lower  intensity 
could  sometimes  be  used  for  forcing  flower  production.  He  has  included 
an  extensive  bibliography  of  422  references  on  light  relations  in  general. 
Ramaley  (22)  has  also  published  a  general  bibliography  on  this  subject 
and  Schratz  (24)  has  published  a  review  and  bibliography  on  the  effects 
of  artificial  light  on  higher  plants. 

EVIDENCE  OF  INJURY  OF  CONTINUOUS  SUNLIGHT 

Smith  (27)  has  published  a  bibliography  including  many  citations  on 
the  effects  of  day  lengths  and  has  studied  the  growth  of  plants  in  various 
day  lengths  including  continuous  illumination  in  a  series  of  experiments 
extending  from  Aas,  Norway,  at  latitude  59°  40'  through  Tromsoe, 


GROWTH  m  CONTINUOUS  ILLUMINATION  723 

latitude  69°  39',  to  Kingsbay,  Spitzbergen,  latitude  79°.     He  also  used 
artificial  light  alone  and  as  a  supplement  to  daylight.     After  considering 
his  own  work  and  the  published  data  of  others,  Smith  came  to  some 
very  interesting  conclusions:  day  length  had  an  effect  on  "development" 
or  progress  toward  the  flowering  stage  and  also  on  "growth"  as  meas- 
ured by  dry-weight  production,  height  of  plant,  intemodal  length,  and 
leaf  size.     The  rate  of  development  per  light  unit  for  cereals  (barley, 
oats,  and  rye)  reached  a  maximum  on  an  18-  or  24-hr.  day,  while  peas 
reached  a  maximum  on  a  6-hr.  day.     Light  intensity  he  found  affected 
both  dry-weight  production  and  development,  but  especially  the  dry 
weight,  while  day  length  affected  both  rate  of  development  and  dry- 
weight    production,    but   especially   rate   of   development.     "Growth" 
(measured  by  dry-weight  production,  etc.,  as  already  defined)  per  day, 
per  hour  of  illumination  or  per  light  unit  was  found  to  have  a  "maximum 
displacement,"  that  is,  the  maximum  growth  for  young  plants  was  found 
on  a  24-hr.  day  or  continuous  illumination,  while  the  maximum  growth 
as  the  age  of  the  plant  increased  was  displaced  toward  shorter  day 
lengths.     Smith  found  the  "maximum  displacement"  generalization  to 
hold  whether  artificial  or  sunlight  was  considered.     There  is,  therefore, 
some  evidence  that  long  exposure  to  continuous  illumination  even  in 
sunlight  operates  in  a  w^ay  which  eventually  checks  growth  and  dry- 
weight  increase.     This  might  indicate  either  that  plants  need  a  period  of 
rest  in  darkness  of  5  to  6  hr.  in  each  24-hr.  period,  or  that  growth  is 
attuned  to  a  progressive  falling  off  in  day  length  as  the  growing  season 
progresses.     The  latter  relation  would  not  appear  extraordinary  since 
Gamer  and  Allard  (10,  11)  have  already  shown  that  plants  are  attuned 
to  flower  on  definite  day  lengths  as  the  growing  season  progresses. 
Using  continuous  artificial  light,  Arthur,  Guthrie,  and  Newell  (3)  found 
that  the  tomato  developed  the  first  signs  of  foliar  injury  in  an  exposure 
of  5  to  7  days.     This  would  indicate  that  the  tomato  needed  a  rest  period 
in  each  24-hr.  day  rather  than  a  progressive  falling  off  in  day  length, 
but  since  the  quality  of  light  used  in  this  work  is  known  to  be  more  injur- 
ious than  sunlight,  the  evidence  is  not  clear.     It  has  been  pointed  out 
in  previous  considerations  that  the  tomato  can  be  grown  in  continuous 
sunlight  within  the  Arctic  circle.     It  may  be,  therefore,  that  even  the 
tomato  will  fit  into  the  generalization  that  plants  are  attuned  to  a 
progressive  falling  off  in  day  length  during  the  growth  period  starting 
with  continuous  illumination  when  a  light  source  is  used  which  is  less 
injurious. 

GENERAL  CONCLUSIONS 

It  is  evident  from  the  foregoing  discussion  that  growth  rate  and  dry- 
weight  production  of  plants  are  rapidly  accelerated  by  increasing  the 
length  of  day.     This  is  true  when  either  sunlight,  artificial  light,  or 
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various  combinations  of  the  two  are  considered.  There  is  definite  evi- 
dence that  many  plants  are  injured  by  continuous  artificial  Hght  and  many 
plants  produce  at  their  maximum  on  a  17-  to  19-hr.  day  as  contrasted 
with  the  24-hr.  day  under  the  intensity  and  quality  so  far  used  in  the 
artificial  illumination  of  plants.  An  18-hr.  day,  12  hr.  of  which  are 
sunlight  and  6  of  which  are  high-intensity  artificial  light,  is  better  than 
an  18-hr.  day  of  all  artificial  light.  This  indicates  that  sunlight  is 
better  in  quality  for  plant  growth  than  many  of  our  common  artificial 
light  sources.  In  the  experiments  where  plants  were  grown  in  ever- 
increasing  day  lengths  of  sunlight  up  to  and  including  continuous  illu- 
mination, the  evidence  is  not  so  clear,  since  temperature  and  other 
factors  were  not  well  controlled  in  these  experiments.  There  is  some 
evidence,  however,  to  indicate  that  plant  production  of  dry  weight 
is  eventually  checked  even  under  continuous  sunlight  conditions,  so  that 
plants  produce  most  abundantly  on  a  slightly  shorter  day.  That  is, 
while  growth  and  dry-w^eight  production  proceed  at  first  at  a  more  rapid 
rate  on  a  24-hr.  day,  as  the  plants  age  this  point  of  maximum  rate  of 
production  shifts  to  a  17  or  19-hr.  day.  This  indicates  that  plants  need 
either  a  period  of  rest  of  5  to  7  hours  in  each  24-hr.  period  or  that  they  are 
attuned  to  the  falling  off  of  the  length  of  day  which  normally  obtains  in 
nature  during  the  growing  season.  Further  experiments  with  other 
growth  factors,  such  as  temperature  well  controlled,  are  needed  to 
determine  these  responses. 
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INTRODUCTION 

This  section  is  devoted  chiefly  to  the  effects  of  radiation  within  the 

o 

visible  region,  X  4000  to  7200  A,  or  "Hght"  upon  plants.  However,  the 
term  "light"  is  frequently  used  in  a  more  general  sense,  i.e.,  in  speaking 
of  sunlight  we  generally  mean  total  solar  radiation,  and  in  speaking  of 
artificial  Ught  we  mean  the  total  radiation  of  the  source  in  question. 
Unless  otherwise  qualified,  "light"  in  this  section  will  be  used  to  designate 
the  total  radiation  from  the  source  used.  A  discussion  of  the  methods 
and  instruments  available  to  the  worker  in  the  field  of  radiation,  as  well 
as  the  variability  of  radiation  and  other  factors  are  considered  in  another 
section  of  this  survey.  It  should  be  emphasized  here,  however,  that,  in 
examining  the  work  in  this  field,  the  experimental  technique  available 
to  the  worker  must  be  constantly  kept  in  mind  and  the  results  weighed 
accordingly.  When  the  difficulties  involved  in  studying  the  influence 
of  light  on  plants  are  fully  appreciated,  it  is  little  wonder  that  we  find 
in  the  literature  many  contradictions  and  many  opposing  theories. 

INFLUENCE  OF  DARKNESS  ON  PLANTS 

Darkness,  or  zero  light  intensity,  produces  in  plants  an  effect  known 
as  etiolation,  the  general  features  of  which  are  familiar  to  all  plant 
workers.  The  typical  characteristics  of  etiolation  were  described  by 
John  Ray  in  1686.  From  his  time  on,  many  botanists  have  studied 
etiolated  plants.  The  general  features  of  etiolated  plants  are  described 
in  textbooks  on  plant  physiology  and  morphology,  such  as  Strasburger 
(102),  Benecke-Jost  (9),  Haberlandt  (44),  Goebel  (39),  and  Sachs  (88). 
MacDougal  (65)  made  a  comprehensive  review  of  the  literature  dealing 
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with  etiolation  from  1686  to  1900.     The  reader  is  referred  to  these  works 
for  reviews  of  the  earher  hterature. 

EFFECT  OF  DARKNESS  ON  GROWTH,  FORM,  AND  STRUCTURE 

In  studying  the  phenomenon  of  etiolation,  it  must  be  borne  in  mind 
that  the  fully  etiolated  plant  is  one  which  has  developed  in  complete 
darkness.  Friedel  (36)  demonstrated  that  there  was  a  pronounced 
difference  between  plants  developed  in  absolute  darkness  and  those 
developed  under  bell  jars  covered  with  black  paper.  Lentils  in  complete 
darkness  had  smaller  leaves,  fewer  internodes,  and  less  angular  stems 
than  those  grown  behind  black  screens.  He  found  absolutely  no  chloro- 
phyll development  in  the  onion  in  complete  darkness,  while  other,  less 
careful  workers,  had  previously  reported  that  the  onion  could  produce 
chlorophyll  in  darkness.  Likewise,  exposure  to  light  only  a  few  minutes 
each  day  for  the  purpose  of  examination  will  greatly  modify  the  form  of 
the  plant  (76,  113). 

The  typical  etiolated  plant  is  white  or  yellowish  in  color,  has  long 
internodes,  undeveloped  leaves,  thin  watery  sap,  and,  in  general,  rela- 
tively undifferentiated  tissues. 

MacDougal  (65),  during  a  period  of  seven  years,  cultivated  97 
different  species  in  darkness.  Particular  care  was  taken  to  exclude  light 
from  his  cultures.  Although  the  different  species  presented  several 
unique  reactions  to  darkness,  certain  features  were  common  to  all.  The 
outstanding  features  which  he  observed  in  practically  all  higher  plants 
were  tall,  weak,  attenuated  stems,  and  thin  only  partially  unfolded  leaves; 
in  fact,  in  many  plants  the  only  sign  of  foliar  development  was  a  distinct 
plumular  hook.  The  microscopic  structure  of  stems  and  leaves  showed 
that  the  different  tissues  present  in  normal  plants  were  generally  present 
also  in  etiolated  plants,  but  the  cells  were  usually  thin-walled,  loosely 
organized,  and  less  distinctly  differentiated.  Darkness  appeared  to 
arrest  development  so  that  many  tissues  which  form  later  in  the  life  of 
the  plant  were  not  present  in  etiolated  forms.  Similar  structural 
differences  have  been  reported  by  practically  all  workers  on  etiolated 
plants  (114,  76,  78,  105,  89). 

Some  of  the  special  features  observed  by  MacDougal  are  worthy 
of  note.  Plants  developed  from  root  storage  organs,  in  general,  were 
able  to  live  longer  in  the  etiolated  state,  and  produced  greater  growth  than 
seedlings.  In  fact,  some  of  them  were  capable  of  going  through  a  com- 
plete vegetative  cycle  in  the  dark  and  developed  new  storage  organs  at 
the  end  of  the  season.  Arisaema  triphyllum  which  develops  new  corms 
each  season  was  capable  of  four  successive  seasons  of  activity  in  darkness. 
The  corms  and  other  storage  organs  produced  in  the  dark  were  smaller 
and  more  watery  but  similar  in  structure  to  such  organs  developed  in 
normal  plants ;  however,  the  shoots  produced  from  such  etiolated  storage 


EFFECTS  OF  LIGHT  INTENSITY  729 

organs  were  progressively  more  attenuated  than  those  from  normal 
organs.  The  length  of  time  which  plants  may  be  kept  growing  in  dark- 
ness depends  upon  the  amount  of  stored  food  available  and  also  on  the 
temperature  at  which  they  are  grown.  At  high  temperatures  the  plants 
exhaust  the  food  supply  more  rapidly.  MacDougal  kept  plants  grown 
from  root-storage  organs  alive  for  as  long  as  18  to  20  months.  Plants 
grown  from  seed,  on  the  other  hand,  generally  succumbed  in  much 
shorter  periods,  owing  to  lack  of  stored  food;  however,  a  seedling  of  the 
cocoanut  palm  lived  15  months  in  darkness  and  still  had  exhausted  only 
half  the  endosperm. 

Leaves  of  monocotyledons  with  parallel  veins  tend  to  elongate  in 
darkness  at  the  expense  of  growth  in  width.  They  are  frequently  rolled 
or  folded.  Plants  with  open  or  netlike  venation  usually  develop  exces- 
sively long  petioles  in  the  dark,  with  small  narrow  leaves,  often  more  or 
less  folded  (65,  77,  89).  Climbing  plants  and  tendrils  have  a  tendency 
to  elongate  excessively  in  darkness  and  seldom  develop  the  typical  cork- 
screw growth  of  plants  grown  in  the  light.  If  the  tendrils  are  placed  in 
contact  with  a  support,  they  will  make  one  or  two  turns  around  it  but 
then  continue  to  elongate  (65). 

Plants  grown  from  buds,  corms,  or  other  organs  in  which  the  leaf, 
stem,  and  flower  primordia  are  laid  down  the  previous  season,  tend  to 
produce  all  these  organs  in  darkness  the  first  season  of  etiolation.  Plants 
grown  from  seed,  or  storage  organs  formed  while  the  plant  was  kept  in 
the  dark,  do  not  develop  flowers,  nor  do  they  usually  attain  the  same  stage 
in  development  attained  by  normal  plants  during  the  same  period  (65). 

Some  unusual  structural  features  were  noted  by  Brown  (16)  in 
etiolated  shoots  of  Opuntia  Blakeana,  a  prickly  pear  cactus.  The  etio- 
lated stems  were  rounded  or  oval  in  cross  section,  as  noted  by  MacDougal 
(65).  The  epidermal  cells  were  elongated,  especially  near  the  apex  of 
the  joints.  The  cuticle  was  very  thin,  or  absent,  the  cortical  layer  weakly 
developed,  and  the  palisade  tissue  imperfectly  organized.  Under  the 
epidermis,  in  normal  plants,  there  is  a  row  of  cells  containing  crystals 
of  calcium  oxalate.  These  crystals  were  absent  in  etiolated  shoots.  Of 
particular  interest  were  the  modifications  of  the  stomata.  In  normal 
plants  these  are  sunken  below  the  surface,  while  in  etiolated  shoots  he 
observed  that  they  were  raised  above  the  surface  on  minute  papillae 
composed  of  from  6  to  12  cells  or  more.  These  papillae  w^ere  apparently 
formed  from  the  stomatal  mother  cell  which  continued  division,  instead 
of  dividing  only  once,  to  form  the  guard  cells.  The  guard  cells  were 
elongated  and  wedge-shaped  in  the  etiolated  shoots.  Some  well  devel- 
oped stomata  were  found  beneath  the  cortical  layer.  Etiolated  shoots, 
exposed  to  full  sunlight,  were  severely  injured  at  first.  There  was  a 
breaking  down  of  both  epidermal  and  interior  cells.  After  a  few  days' 
exposure,  however,  they  soon  developed  a  cuticle  and  the  cortical  cells 
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and   palisade    tissue    assumed    more    normal    proportions.     Eventually 
they  attained  a  structure  similar  to  normal  plants. 

In  anatomical  structure  etiolated  stems  show  an  arrested  develop- 
ment. Priestley  and  Ewing  (78)  noted  that  stems  of  potato  (Solanum 
tuberosum)  and  broad  bean  (Vicia  Faba)  tended  to  develop  in  darkness 
a  structure  comparable  to  that  of  roots.  Dyes  injected  in  etiolated 
plants  could  not  be  forced  into  the  meristematic  growing  points,  while 
in  normal  stems  the  dye  readily  penetrated  the  meristem  to  the  surface. 
They  concluded  that  the  failure  of  the  growing  apex  to  unfold  and 
develop  normally  was  due  to  the  lack  of  nutrition  caused  by  the  imperme- 
ability of  the  meristem  tissue.  The  meristem  is  rich  in  proteins  and  fats, 
which  probably  accounts  for  its  impermeability  to  nutrient  sap. 

Priestley  (77),  in  a  later  paper,  stated  that  the  general  anatomy 
of  Vicia  and  Pisum  remained  unaltered  in  darkness  except  that 
the  third  and  further  internodes  did  not  develop  but  remained  curled  up 
in  the  plumular  hook.  The  diameter  of  the  stele  was  much  smaller  in 
proportion  to  the  diameter  of  the  stem  in  etiolated  plants.  Exposure  to 
light  for  one  hour  daily  caused  a  considerable  expansion  in  the  stele,  but 
it  was  still  not  so  large  as  in  a  normal  plant.  In  the  shoots  the  stele  was 
bounded  first  by  a  starch  sheath  which  was  later  replaced  by  a  primary 
endodermis.  This  starch  sheath  and  primary  endodermis  appeared  to 
contain  fatty  substances  in  the  cell  wall  which  rendered  them  more  or 
less  impermeable.  It  was  impossible  to  plasmolyze  the  differentiated 
cortical  cells  of  plants  grown  completely  in  the  dark,  but  after  brief  daily 
exposures  to  light  these  cells  plasmolyzed  readily.  There  was  consider- 
able starch  in  the  etiolated  shoot  which  was  concentrated  just  below  the 
meristematic  apex.  Upon  exposure  to  light  this  disappeared  very 
rapidly.  He  concluded  that  the  main  morphological  structure  of  etiola- 
tion is  determined  by  a  disturbance  of  growth  at  the  shoot  apex,  which  is 
caused  by  the  relative  impermeability  of  the  cell  walls  between  vascular 
strands  and  those  of  the  meristem.  These  cells  contain  protein  and  fatty 
substances  that  form  the  surface  of  the  protoplast. 

That  exposure  to  light  increases  the  permeability  of  protoplasm 
to  dyes  has  been  confirmed  by  many  workers.  Lepeschkin  (58), 
by  shading  portions  of  Elodea  leaves  with  tinfoil,  demonstrated  that 
this  effect,  too,  is  local  in  its  action,  that  it  increases  with  intensity  up 
to  a  certain  point  (10  per  cent  of  total  sunlight  or  less  in  Arizona),  and 
that  it  reacts  very  quickly  to  changes  in  light.  Plants  taken  from  the 
same  light  conditions  and  placed  for  2  hr.  in  different  light  conditions 
show  tremendous  differences  in  dye  absorption. 

In  discussing  the  growth  of  plants  in  darkness  and  in  light  of  varying 
intensities,  it  is  necessary  to  differentiate  between  elongation,  expansion 
of  foliar  organs,  and  increase  in  total  plant  substance   (dry  weight). 
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Plants  grown  in  darkness  frequently  elongate  more  rapidly  than  those 
given  daily  exposures  to  light,  and  if  abundantly  supplied  with  reserve 
food,  they  may  attain  a  greater  total  length.  Foliar  expansion,  on  the 
other  hand,  is  inhibited  by  darkness. 

Figdor  (34)  studied  the  influence  of  light  on  the  structure  of  a  South 
African  lily  (Bowiea  volubilis).  This  plant  sends  up  a  shoot  from  an 
underground  bulb.  When  grown  in  light,  the  shoot  has  a  primary  axis 
and  a  number  of  side  shoots.  When  grown  in  darkness,  the  primary 
shoot  develops  about  the  same  as  in  light,  but  the  secondary  shoots 
remain  short  and  undeveloped.  Etiolated  plants  are  generally  very 
succulent  and  hence  much  lower  in  percentage  of  dry  matter  than  those 
developed  in  light.  The  total  dry  weight  produced  by  etiolated  plants 
is,  of  course,  less  than  that  of  the  seed  or  vegetative  organ  from  which 
they  are  grown,  since  some  carbohydrate  materials  must  be  used  up  in 
respiration,  and  not  all  of  the  dry  material  in  the  seed  or  primary  organ 
is  available  for  the  production  of  new  growth. 

Etiolated  plants  grown  for  the  same  length  of  time  and  at  the  same 
temperature  as  comparable  green  plants  grown  in  the  light  will,  of  course, 
be  lower  in  total  dry  weight  because  they  are  deprived  of  the  products 
of  photosynthesis.  Whether  light  exercises  a  stimulative  effect  upon 
the  rate  of  utilization  of  stored  food  material  in  seeds  or  other  organs  is 
still  open  to  question.  Lubimenko  and  Karisnev  (63)  studied  the  initial 
rate  of  growth  (dry-weight  basis)  of  seedlings  of  certain  cereals  under 
different  intensities  of  daylight  and  in  almost  complete  darkness.  They 
also  followed  the  loss  in  weight  of  the  residual  seed.  The  plants  in  light 
not  only  increased  more  rapidly  in  dry  weight  than  those  in  darkness, 
but  they  also  tended  to  exhaust  the  seed  more  rapidly.  They  concluded 
that  light  produces  a  direct  action  on  the  accumulation  of  dry  matter 
in  plants  during  their  purely  "saprophytic"  nutrition.  Shirley  (95)  con- 
ducted a  similar  experiment  on  maize  seedlings,  except  that  he  had  no 
plants  in  complete  darkness.  He  also  found  that  seedlings  in  the  light 
exhausted  the  seed  more  rapidly  than  those  in  very  weak  light  (too 
low  in  intensity  for  appreciable  chlorophyll  formation);  however,  the 
temperature  was  also  higher  in  the  light.  When  plants  in  light  and  in 
darkness  were  grown  at  the  same  temperature,  no  difference  could  be 
found  in  the  rate  of  utilization  of  the  stored  products  in  the  seed  nor, 
during  the  first  5  days,  in  the  weight  of  the  seedling.  Thereafter,  the 
seedling  in  the  light  increased  in  dry  weight  more  rapidly,  but  this 
is  attributed  to  the  products  of  photosynthesis.  It  is  unfortunate  that 
Lubimenko  and  Karisnev  did  not  have  accurate  temperature  control 
and  that  Shirley  did  not  make  tests  in  the  absence  of  carbon  dioxide. 
Further  work  on  this  problem  should  also  be  accompanied  by  chemical 
analysis  of  the  seed  and  seedling. 
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EFFECT    OF    DARKNESS    ON    COMPOSITION 

Plants  developed  in  darkness  tend  to  be  higher  in  percentage  moisture 
and  in  soluble  nitrogen  and  carbohydrates  than  plants  developed  in  the 
light.  MacDougal  (65)  found  that  the  percentage  moisture  in  the  tops 
and  corms  of  Arisaema  was  greater  in  etiolated  plants  than  in  normal 
ones,  and  greater  in  plants  with  two  seasons'  growth  in  darkness  than  in 
those  with  one  season's  growth  without  light.  The  proportion  of  ash  to 
other  dried  materials  was  higher  in  the  etiolated  plants.  Lubimenko 
and  Karisnev  (63)  found  the  tops  of  wheat  seedlings  developed  in  dark- 
ness to  have  4.62  per  cent  soluble  carbohydrates,  while  those  in  the 
light  had  2.87  per  cent.  Soluble  carbohydrates  were  also  higher  in  the 
residual  seed  of  the  etiolated  seedlings  than  in  those  developed  in 
light. 

Schulz  and  Thompson  (92)  made  chemical  analysis  of  barberry  shoots 
grown  in  light-tight  boxes  placed  over  field  plants.  Moisture,  starch, 
reducing  sugar,  sucrose,  water-soluble  nitrogen,  and  ash  content,  based 
on  percentage  of  dry  weight,  were  higher  in  the  etiolated  shoots  than  in 
normal  ones.  Fats,  as  determined  by  ether  extract,  and  hemicellulose 
were  the  only  substances  determined  which  were  approximately  the 
same  in  both  green  and  etiolated  plants.  No  difference  could  be  deter- 
mined in  the  composition  of  the  roots,  nor  was  the  stored  material 
appreciably  reduced,  even  though  considerable  quantities  of  etiolated 
sprouts  developed.  The  old  tops  were  removed  from  all  plants  used  in 
this  test,  and  apparently  the  test  did  not  run  sufficiently  long  for  the 
new  green  tops  to  begin  storing  materials  in  the  roots.  The  higher 
percentage  of  solutes  in  the  dry  material  of  etiolated  sprouts  is  a  result, 
in  part,  of  the  lower  content  of  insoluble  carbohydrates. 

The  ability  of  plants  to  use  nitrates  in  darkness  to  form  asparagin 
was  demonstrated  by  Suzuki  (104)  who  used  potato  shoots  detached  from 
the  tuber  and  cultivated  in  sugar  solution.  Tokarewa  (108)  analyzed 
etiolated  lupine  seedlings  for  nitrogen  content.  Substantial  quantities 
of  asparagin  and  small  amounts  of  creatinin  and  betaine  were  found. 
Plants  containing  a  considerable  amount  of  asparagin  had  no  carnosin. 
Asparagin  has  also  been  found  in  etiolated  soy  bean  seedlings  by  Schulze 
(91)  and  in  etiolated  maize  seedlings  by  Jodidi  (53).  Jodidi  (52,  53) 
studied  the  chemical  composition  of  etiolated  corn  seedlings  during  the 
first  few  days  following  germination  and  also  the  composition  of  the 
ungerminated  seed.  Proteins  were  rapidly  used  up  by  the  seedlings  so 
that  after  8  days  as  much  as  48  per  cent  of  them  were  converted  into 
soluble  nitrogen  compounds.  From  the  second  to  the  eighth  day  the 
distribution  of  nitrogen  in  the  aqueous  extract  changed  as  follows:  (a) 
Amide  nitrogen  increased  from  11.44  to  18.08  per  cent.  (6)  Humin 
nitrogen  decreased  from   19.51  to  6.45  per  cent,     (c)  Amino  nitrogen 
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increased  from  20.83  to  29.55  per  cent,  (d)  Peptide  nitrogen  decreased 
from  34.06  to  27.52  per  cent. 

He  interpreted  these  results  as  indicating  that  acid  amides  increase 
at  the  expense  of  certain  amino  acids  such  as  tryptophane  and  tyrosin, 
while  amino  acids  increase  at  the  expense  of  the  polypeptides. 

Nightingale  and  Schermerhorn  (71)  grew  asparagus  shoots,  from 
root  stocks  of  plants  formerly  grown  in  light,  in  quartz  sand  irrigated 
with  nutrient  solutions  with  and  without  nitrogen.  Some  of  the  plants 
were  grown  in  the  greenhouse  and  others  in  darkness.  Plants  in  darkness 
not  only  absorbed  nitrates  but  from  them  built  up  higher  nitrogen  com- 
pounds, a  process  which  was  accompanied  by  a  decrease  in  carbohydrates 
in  the  root.  Nitrates  were  abundant  in  the  absorbing  roots  of  both  the 
plants  in  light  and  of  those  in  darkness  but  were  not  found  in  the  shoots 
except  after  active  growth  had  ceased.  In  the  plants  grown  without 
nitrates,  no  nitrates  were  found;  but  there  was  a  considerable  amount 
of  soluble  nitrogen  in  the  shoots  and  a  corresponding  decrease  in  the 
nitrogen  of  the  root.  Reid  (80,  81,  82)  demonstrated  that  seedlings 
and  cuttings  could  assimilate  nitrates  and  use  them  to  build  up  growth- 
promoting  substance  in  darkness,  provided  they  had  a  high  carbohydrate 
and  low  nitrogen  reserve.  On  the  other  hand,  growth  of  seedlings  from 
seeds  having  a  high  protein  and  low  carbohydrate  reserve  was  not 
favored  appreciably  by  addition  of  nitrates  to  the  nutrient  media. 

Excised  tips  of  roots  and  of  shoots  of  corn,  peas,  and  cotton  were 
cultured  by  Robbins  (83)  in  mineral  nutrient  solutions  containing  2  per 
cent  glucose,  or  levulose.  The  cultures  were  maintained  under  sterile 
conditions  and  kept  in  darkness.  Under  such  conditions  considerable 
growth  took  place,  but  practically  none  occurred  in  cultures  which  con- 
tained no  carbohydrates.  The  shoots  had  the  characteristics  of  eti- 
olated shoots — small  leaves,  yellow  color  and  excessive  elongation. 
Robbins  and  Maneval  (84)  grew,  in  light  and  darkness,  excised  root  tips 
in  modified  Pfeffer's  solution  containing  80  and  400  parts  per  million  of 
autolyzed  yeast,  and  also  in  solutions  containing  2  per  cent  glucose. 
Those  in  the  light  survived  longer  (one  for  149  days)  and  produced  more 
tissue,  as  measured  by  length  of  main  axis,  number  of  secondary  roots, 
and  total  dry  weight. 

Wilson  (121)  cultivated  vetch  seedlings  in  darkness  on  a  sterile  agar 
nutrient  medium  containing  sugar.  After  2  days  these  test  cultures 
were  inoculated  with  the  nitrifying  bacterium,  Rhizohium  leguminosarum. 
After  36  days  the  plants  were  examined  for  nodule  formation.  Nodules 
were  found  in  all  cultures  but  were  more  prevalent  in  those  supplied  with 
0.5  and  1.0  per  cent  saccharose.  The  plants  without  sugar  died  first, 
but  even  with  these  one  nodule  was  found.  The  media  containing 
0.5  and  1.0  per  cent  saccharose  proved  to  be  more  favorable  for  the  growth 
of  etiolated  seedlings  than  those  containing  the  same  percentages  of 
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levulose  and  dextrose.  Two  per  cent  sugar  was  less  favorable  than 
1  per  cent. 

Etiolated  leaves  were  found  to  be  lower  in  manganese  content  than 
green  leaves  (10).  This  held  true  not  only  for  leaves  of  dandelion  cul- 
tivated in  darkness,  as  contrasted  with  those  of  the  same  species  grown 
in  light,  but  also  for  the  interior  leaves  of  head  lettuce,  cabbage,  chicory, 
and  celery,  as  contrasted  with  the  exterior  leaves.  They  also  found  the 
white  portions  of  the  variegated  leaves  of  Aucuha  japonica  to  have  a  lower 
manganese  content  than  the  green  portions  of  the  same  leaves.  Man- 
ganese content  seemed  to  be  correlated  with  chlorophyll  content. 

Eisenmenger  (30)  placed  one-month-old  tobacco  plants  in  darkness, 
and  after  11  days  compared  their  chemical  composition  with  similar 
plants  left  in  light.  Total  nitrogen,  nitrate  nitrogen,  and  amino  nitrogen 
were  higher  in  the  plants  in  darkness.  The  plants  in  darkness  did  not 
live  long  enough  to  exhaust  the  original  nitrogen  content  to  any  appreci- 
able extent. 

Cannon  (18)  studied  the  effect  of  light  and  darkness  on  the  rate  of 
oxygen  absorption  by  roots.  Helianthus  annuus  and  rooted  cuttings  of 
Salix  laevigata  were  grown  in  Knop's  solution,  then  transferred  to  dis- 
tilled water  for  testing.  The  plants  were  given  from  2  to  4  tests  in  one 
day,  one  or  more  in  darkness,  and  the  others  in  full  sunlight,  or  sunlight 
passing  through  a  bell  jar.  The  tests  were  of  from  1^^  to  3  hr.  duration. 
Of  the  53  tests  run,  60  per  cent  showed  less  oxygen  absorption  when  the 
shoot  was  in  the  light  than  when  in  darkness.  When  his  results  are 
analyzed  statistically,^  the  oxygen  absorption  of  sunflower  in  light  proves 
to  be  less  than  that  in  darkness  by  odds  of  over  20:1.  For  willow  there 
is  no  significant  difference.  Since  oxygen  absorption  by  roots  increases 
with  temperature  and  transpiration,  and  since  both  of  these  were  higher 
in  the  light,  he  concluded  that  exposure  of  tops  to  light  per  se  tends  to 
decrease  the  rate  of  oxygen  absorption  by  the  roots.  It  is  possible  that 
oxygen  liberated  in  the  photosynthetic  process  may  tend  to  depress  the 
rate  of  oxygen  absorption  by  roots. 

THE    INFLUENCE    OF   LIGHT    ON    ETIOLATED    PLANTS 

When  etiolated  plants  are  brought  into  the  light,  they  begin  to 
develop  the  characteristics  of  normal  green  plants.  The  leaves  unfold 
and  expand  rapidly,  they  develop  chlorophyll,  and  differentiation — if 
not  too  long  arrested — takes  place  (65,  89).  Schonfeld  (89)  ger- 
minated and  grew  plants  in  darkness,  samples  of  which  were  removed 
after  definite  intervals  and  placed  in  the  greenhouse.  Measurements 
of  the  length  of  the  petiole,  length  of  leaf  blade,  and  width  of  blade,  were 
made  on  all  plants  each  time  a  sample  was  removed.     Plants  contin- 

'  Statistical  analysis  was  made  by  Shirley. 
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iioiisly  in  the  dark,  if  grown  from  seeds  or  root  stock  well  supplied 
with  reserve  foods,  develop  excessively  long  petioles,  and  in  mono- 
cotyledons long  leaf  blades.  The  leaves  of  dicotyledons  were  shorter, 
and  all  leaves  were  narrower  in  the  dark.  After  placing  in  the  light,  all 
leaves  grew  in  breadth,  and  petiolate  leaves  grew  also  in  length.  Even 
leaves  which  had  ceased  growth  in  the  dark  resumed  growing  when 
placed  in  the  light.  The  ability  of  the  leaf  or  leaf  part  to  renew  growth 
in  light,  after  cessation  in  darkness,  depended  upon  the  relative  age  of  the 
tissue  in  question.  The  youngest  tissues,  relatively,  grew  the  most, 
and  were  able  to  resume  growth  after  the  longest  period  of  interruption. 
For  this  reason,  leaves  partially  developed  in  darkness  and  then  removed 
to  light  never  developed  the  same  shape  and  relative  proportion  as  leaves 
exposed  to  daylight  from  the  beginning. 

The  effect  upon  etiolated  plants  of  short  daily  exposures  to  light  was 
intensively  investigated  by  Trumpf  (113)  and  Priestley  (76).  Trumpf 
found  that  the  form  developed  by  the  bean  plant  Phaseolus  multiflorus 
depended  upon  the  amount  of  radiation  received,  i.e.,  that  within  the 
limits  of  his  experiment,  for  a  constant  value  of  the  product  of  intensity 
times  time  a  definite  form  of  plant  was  produced.  Plants  exposed 
for  3  hr.  daily  at  6600  meter-candles  (613  foot-candles)  had  essentially 
the  same  dimensions  as  those  exposed  for  40  min.  daily  at  30,000  meter- 
candles  (2787  foot-candles).  However,  this  was  not  true  of  chlorophyll 
content.  The  plants  with  long  daily  exposures  to  hght  at  low  intensities 
developed  chlorophyll,  whereas  those  which  received  the  same  amount  of 
light  but  in  short  exposures  to  high  intensities  developed  no  chlorophyll. 
After  12  days'  growth  with  40  min.  daily  exposures  to  30,000  meter- 
candles,  the  plants  were  placed  in  daylight  but  still  failed  to  produce 
chlorophyll,  while  those  exposed  to  low  intensities  produced  abundant 
chlorophyll  in  daylight.  Excised  leaves  of  the  chlorotic  plants  developed 
a  deep  green  color  and  increased  in  size  after  2  days'  exposure  to  daylight 
when  placed  in  a  weak  solution  of  cane  sugar. 

Trumpf  further  demonstrated  that  the  influence  of  light  in  deter- 
mining the  form  of  the  plant  was  independent  of  its  photosynthetic  action. 
The  evidence  for  this  is  that  plants  placed  in  an  ice  box  at  7°C.  and 
exposed  to  light  for  short  periods  and  also  plants  exposed,  while  under 
the  influence  of  narcotics,  developed  the  same  form  as  those  exposed  to 
light  in  free  air  at  room  temperature,  regardless  of  the  fact  that  no 
growth  occurred  while  the  plants  were  in  the  ice  box  or  under  the  influence 
of  narcotics. 

Priestley  (76)  grew  plants  in  light-tight  chambers  placed  in  an  under- 
ground cellar  having  no  window.  Special  precautions  were  taken  to 
exclude  extraneous  hght.  The  chambers  were  provided  with  0.5-watt 
nitrogen-filled  lamps  of  about  80  candle  power,  which  were  operated  by 
a  timing  switch  so  that  four  conditions  of  lighting  were  obtained,  as 
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follows:  (a)  1  hr.  of  light  each  day,  (&)  10  min.  of  light  each  day,  (c)  2  min. 
of  light  each  day,  and  {d)  continuous  darkness. 

An  illumination  period  of  even  2  min.  daily  was  sufficient  to  cause  a 
profound  change  in  the  plants.  Vicia  Faha  and  Pisum  sativum  lost  their 
typical  plumular  hook,  and  the  lateral  leaves  began  to  unfold.  With 
10  min.  exposure  the  leaves  had  attained  a  size  almost  as  large  as  those 
exposed  to  1  hr.  of  light.  Those  receiving  1  hr.  of  light  daily  developed 
chlorophyll.  Plants  grown  in  the  light  for  a  while  and  then  placed  in 
darkness  soon  developed  the  typical  plumular  hook  and  other  features 
of  etiolated  plants.  The  light  used  by  Priestley  was  much  lower  in 
intensity  than  that  used  by  Trumpf.  Both  of  these  experiments  clearly 
demonstrate  the  need  for  extreme  care  in  excluding  all  light  from  etiolated 
plants  if  true  etiolation  effects  are  to  be  obtained. 

MISCELLANEOUS    EFFECTS    OF    DARKNESS 

Light  not  only  has  an  influence  upon  the  plant  organs  subjected  to 
its  action  but  also  an  indirect  action  on  the  underground  portions  of 
plants.  Observing  plants  grown  in  nutrient  solutions  in  which  both 
roots  and  shoots  were  subjected  to  illumination  or  kept  in  darkness, 
Probst  (79)  found  that  during  the  first  few  days  shoot  growth  was 
greater  in  cultures  in  which  both  root  and  shoot  were  in  darkness.  In 
every  case  the  shoot  or  root  w^as  longer  in  darkness.  Illuminating  the 
shoot  caused  an  increase  in  root  growth,  but  illuminating  the  root  caused 
only  a  slight  change  in  shoot  growth.  Increasing  the  humidity  stimu- 
lated both  the  root  and  shoot  growth.  Experiments  with  oats  showed 
that  continuous  illumination  of  the  root  caused  an  initial  stimulus  of 
shoot  growth,  followed  later  by  decrease  in  growth.  Exposure  to  dark- 
ness after  the  roots  had  been  in  continuous  illumination  caused  a  certain 
stimulation  in  shoot  growth;  however,  such  plants  never  grew  so  rapidly 
as  those  in  which  the  root  had  not  been  illuminated.  Long  periods  of 
illumination,  or  even  continuous  illumination  of  Avena  coleoptiles  and  of 
Lepidium  shoots  produced  no  visible  influence  on  the  growth  rate  of  the 
root,  but  with  Sinapis,  darkening  the  shoot  after  a  period  of  continuous 
illumination  caused  a  decided  acceleration  in  root  growth.  His  final 
conclusions  were  that  illumhiating  the  shoots  inhibited  shoot  growth  but 
increased  root  growth,  while  illuminating  the  root  inhibited  root  growth 
and,  in  most  cases,  shoot  growth  also. 

Some  very  interesting  experiments  on  the  effects  of  light  on  the 
nutrition  economy  of  seedlings  and  cuttings  have  been  conducted  by 
Reid  (80,  81,  82).  By  choosing  seeds  and  cuttings  having  a  wide  varia- 
tion in  the  composition  of  their  organic  reserves  and  by  cultivating  these 
in  nutrient  media  with  and  without  nitrates,  she  was  able  to  demonstrate 
that  some  of  the  differences  between  etiolated  and  normal  plants  attrib- 
uted  to  the  action  of  light  are,  in  fact,  the  result  of  differences  in  the 
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nutritional  balance.  For  instance,  seedlings  from  seeds  very  low  in 
protein  but  high  in  carbohydrates,  when  grown  without  nitrates,  attain 
greater  size  and  weight  in  darkness  than  in  light.  When  nitrates  are 
supplied,  the  reverse  condition  prevails.  Nitrates  were  assimilated  in 
darkness  and  were  converted  into  growth-promoting  substances ;  however, 
the  extent  of  this  process  was  limited  by  the  carbohydrate  supply. 
Nitrate  utilization  was  always  greater  when  the  plants  were  provided 
with  both  light  and  carbon  dioxide.  Shoot  growth,  at  the  expense  of 
root  growth,  was  favored  by  a  relatively  low  ratio  of  carbohydrates  to 
nitrogen,  while  with  high  ratios  the  relationship  was  reversed.  This 
held  true  regardless  of  whether  the  carbohydrates  and  nitrogen  were 
supplied  by  the  seed  or  by  photosynthesis  and  nitrates.  A  limited  nitro- 
gen supply  caused  seedlings  to  mature  rapidly  in  light,  while  an  abundant 
nitrogen  supply  favored  vegetative  activity.  In  all  cases,  secondary 
thickening  of  stems,  roots,  and  cell  walls  was  favored  by  light.  Reserve 
carbohydrates  were  accumulated  more  rapidly  in  seedlings  with  a  limited 
nitrogen  supply.  An  increase  in  carbon  dioxide  content  above  that  of 
normal  air  tended  to  accentuate  the  effects  observed  from  photosynthesis, 
viz.;  increased  root  growth,  especially  in  plants  from  high-protein  seeds 
but  without  nitrates;  increased  shoot  growth,  when  nitrates  were  sup- 
plied, which  was  more  pronounced  with  seedlings  from  low-protein  seeds 
when  deprived  of  external  nitrogen.  Cow  peas  and  soy  beans  grown  in 
light  without  carbon  dioxide  had  roots  of  almost  the  same  weight  as  plants 
grown  in  darkness,  while  high-  and  low-protein  corn  seedlings  had  greater 
root  development  in  light,  as  did  also  sunflower  and  muskmelon  seedlings. 
Leaf  development  was  greater  in  light  than  in  darkness,  even  though 
carbon  dioxide  was  excluded  in  the  former.  Best  development  occurred 
when  both  light  and  carbon  dioxide  were  added. 

Mason  (67)  reports  interesting  studies  on  the  effect  of  light  on  the 
growth  of  the  date  palm.  The  leaves  of  this  plant  elongate  rapidly 
at  night  but  scarcely  at  all  during  the  day.  Under  bright  sunlight  no 
growth  could  be  detected.  On  cloudy  days  partial  growth  occurred. 
Mason  enclosed  these  leaves  in  light-tight  boxes  and  found  that  the 
growth  could  be  started  or  stopped  at  will  by  closing  the  box  or  opening 
it  to  direct  sunlight.  In  order  to  demonstrate  the  complete  dependence 
of  growth  upon  light,  he  placed  electric  lamps  in  the  box  and 
illuminated  the  plants  at  various  times  during  the  day  and  night.  At 
first  only  small  incandescent  lamps  were  used.  Normal  growth  occurred 
under  such  conditions  regardless  of  the  time  when  the  plants  were 
illuminated.  When  illumination  from  lamps  of  1800  watts  total  capacity 
was  provided,  growth  was  greatly  inhibited  but  not  entirely  stopped. 
When  a  mercury  arc  in  a  lead  glass  tube  was  used,  growth  was  completely 
inhibited.  Evidently  the  failure  of  ordinary  incandescent  lamps  to 
inhibit  growth  was  due  to  their  low  intensity  in  the  blue  and  near  the 
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ultra-violet  region.  Light  of  wave-lengths  greater  than  5700  A  evidently 
has  very  little  action  in  inhibiting  growth. 

Triimpf  (114)  illuminated  leaves  and  petioles  of  the  bean  plant 
w^hile  the  epicotyl  remained  in  darkness.  The  leaves  developed  like  those 
of  fully  illuminated  plants,  while  the  epicotyl  developed  like  that  of  a 
completely  etiolated  plant.  Similarly,  illuminating  the  epicotyl  had  no 
effect  on  the  leaves.  When  one  portion  of  a  leaf  or  epicotyl  was  illumi- 
nated while  another  portion  remained  in  darkness,  the  portion  in  darkness 
developed  somewhat  similarly  to  that  in  the  light.  The  light  effect, 
therefore,  is  local  in  its  action  and  cannot  be  transferred  from  an  irradi- 
ated organ  to  one  kept  in  darkness.  From  his  experiments  it  is  possible 
to  conclude  that  the  action  of  light  on  one  part  of  an  organ  may  affect 
other  parts  of  the  same  organ,  but  whether  or  not  this  actually  occurs 
cannot  be  detected  without  more  refined  methods  of  examination  than 
he  used. 

Coupin  (25)  reported  that  lentils  germinated  in  darkness  in  a  hori- 
zontal position  continued  to  develop  horizontally,  i.e.,  they  showed  no 
response  to  gravity.  Since  this  plant  produces  runners  which  grow 
horizontally,  he  assumed  that  the  stem  in  darkness  takes  on  the  form 
of  a  runner.  Whether  this  actually  occurs  is  open  to  considerable 
question  since  weakness  of  the  stem,  injurious  effects  of  illuminating 
gas,  or  other  factors  may  have  influenced  his  results. 

THEORIES   AS   TO   THE    CAUSE    OF   ETIOLATION 

Numerous  theories  have  been  advanced  by  early  workers  to  explain 
etiolation,  many  of  which  are  discussed  by  MacDougal  (65).  Sachs 
considered  etiolation  to  be  pathological,  although  etiolated  plants  become 
normal  in  light.  Kraus  explained  the  failure  of  leaves  to  grow  in  darkness 
by  postulating  that  they  could  use  for  growth  only  substances  manu- 
factured locally,  Godlewski  assumed  etiolation  to  be  a  response  of  the 
plant  to  overcome  temporary  obstructions.  Palladin  thought  that 
etiolation  might  be  caused  by  the  lack  of  sufficient  transpiration  in  dark- 
ness. MacDougal  attributed  to  light  a  morphogenetic  influence  which 
causes  the  differentiation  and  development  of  the  various  plant  organs. 
Without  light,  development  is  arrested.  He  thought  of  light  as  having 
a  stimulative  action  which  does  not  need  to  act  directly  upon  a  partic- 
ular tissue  but  could  be  transmitted  from  the  illuminated  parts  to  those 
held  in  darkness. 

Coupin  (24)  added  to  the  cultural  solution  in  which  etiolated  plants 
were  growing  a  sterilized  and  filtered  extract  from  green  plants.  Such 
an  extract  inhibited  stem  elongation  of  the  etiolated  plants  more  than 
a  similar  extract  prepared  from  etiolated  plants.  He  concluded,  there- 
fore, that  plants  develop  a  substance  in  light  which  determines  their 
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growth  form  and  that  this  substance  will  react  on  etiolated  plants  to  make 
them  resemble  those  grown  in  the  light. 

Trumpf  (114)  repeated  this  experiment  and  pointed  out  that  the 
osmotic  concentration  of  the  expressed  sap  of  normal  plants  is  much 
higher  than  that  of  etiolated  plants.  When  the  sap  of  normal  plants 
was  diluted  to  the  same  osmotic  concentration,  it  caused  even  less  retarda- 
tion of  growth  than  that  of  etiolated  plants.  The  sap  of  both  types  of 
plants  inhibited  the  growth  of  etiolated  seedlings  and  the  extent  of  this 
inhibition  varied  directly  with  the  concentration  of  the  sap  in  the  culture 
solution. 

Trumpf 's  (113)  experiments  clearly  demonstrate  that  etiolation  is 
not  a  result  of  lack  of  chlorophyll,  or  lack  of  photosynthesis,  since  it  was 
possible  to  produce  plants  normal  in  form  with  no  chlorophyll.  Further- 
more, his  experiments  (114)  demonstrate  that  the  action  of  light  is  local 
and  that  this  effect  cannot  be  transferred  from  an  illuminated  organ  to 
one  remaining  in  darkness. 

Priestley  and  Ewing  (78)  and  Priestley  (77)  have  shown  that  there 
is  an  accumulation  of  protein  and  fatty  substances  in  the  meristem  which 
renders  it  impermeable  to  the  nutrient  sap,  and  they  have  concluded  that 
etiolation  is  a  result  of  nutritional  disturbances  in  the  meristematic  tissue. 
This  impermeabihty  of  the  protoplasm  (cf.  Lepeschkin,  58)  of  meriste- 
matic tissue  in  darkness  can  explain  many  of  the  phenomena  connected 
with  etiolation;  however,  root  and  stem  growth  take  place  in  darkness 
in  a  manner  similar  to  that  in  light. 

Finally,  there  is  the  question  of  the  usefulness  of  etiolation  to  the 
plant.  It  is  evident  that  excessive  stem  elongation,  together  with 
positive  phototropism  or  geotropism  does  serve  a  very  useful  purpose  in 
elevating  the  growing  point  from  darkness  to  a  point  where  it  may  enjoy 
favorable  light  conditions.  This  reaction  is  valuable  in  enabling  the 
plant  to  emerge  from  among  obstructions  in  the  soil  as  well  as  to  attain 
quickly  a  position  favorable  for  photosynthesis.  The  failure  of  leaves 
to  expand  in  darkness  is  an  economy  in  the  use  of  reserve  foods,  particu- 
larly carbohydrates.  However,  in  many  cases  no  useful  purpose  what- 
soever appears  to  be  served  by  etiolation. 

THE  EFFECT  OF  LIGHT  INTENSITY  UPON  PLANTS 

The  influence  of  light  intensity  upon  plants  cannot  be  considered 
independently  of  the  time  during  which  any  given  intensity  acts.  For 
instance,  as  pointed  out  in  the  foregoing  section,  Trumpf  (113)  has  shown 
that  the  stage  in  morphological  development  attained  by  etiolated  bean 
plants  exposed  to  light  depended  upon  the  total  amount  of  light  received. 
Chlorophyll  formation,  on  the  other  hand,  was  greater  when  the  plant 
was  exposed  for  long  periods  at  low  intensity  than  when  exposed  to  the 
same  total  amount  of  light  at  higher  intensities.     Likewise,  tests  on  the 
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eflfects  of  very  short  daily  exposures  to  light,  which  frequently  are  carried 
on  in  conjunction  with  experiments  on  photoperiodism,  have  revealed 
many  of  the  same  characteristics  exhibited  by  plants  grown  with  insuffi- 
cient intensity.  Before  proceeding  with  a  discussion  of  the  effects  of 
radiation  intensity  per  se  on  the  growth  of  plants,  a  consideration  of  the 
effects  of  definite  quantities  of  light  on  plants  will  be  given,  as  well  as 
the  effects  of  sudden  illumination  or  darkening  of  plant  organs. 

THE    "light-growth    REACTION" 

Every  plant  and  plant  organ  goes  through  a  definite  period  of  growth 
during  which  the  growth  rate  gradually  increases  to  a  maximum,  and  then 
diminishes  to  zero.  The  descending  limb  of  the  growth  curve  is  usually 
steeper  than  the  ascending  limb.  This  is  spoken  of  as  the  grand  period 
of  growth.  In  the  discussion  which  follows,  the  different  investigators 
are  referring  to  disturbances  in  the  grand  period  of  growth  induced  by  the 
action  of  light. 

In  1914,  Blaauw  (11),  working  with  sporangiophores  of  Phycomyces 
nitens  found  that  exposures  to  light  caused  a  profound  influence  upon  the 
rate  of  elongation.  After  exposure  there  was  an  initial  stimulation  in 
growth,  followed  by  a  depression.  The  time  interval  between  exposure 
and  reaction  decreased,  while  the  depth  of  the  depression  and  height 
of  the  maximum  increased  with  increasing  amounts  of  light  from  1  up 
to  210  meter-candle-seconds.  For  240,000  to  1,920,000  meter-candle- 
seconds,  secondary  minima  and  maxima  appeared,  which  tended  to 
cause  the  rate  of  growth  alternately  to  increase  and  decrease  in  a  wave- 
like manner.  He  concluded  that  a  given  amount  of  light  calls  forth 
a  typical  growth  reaction  in  the  cell  and  that  this  reaction  runs  a  definite 
course. 

Similar  experiments  were  carried  out  by  Blaauw  (12)  with  seedlings 
of  Helianthus  globosus.  With  these  plants,  exposure  to  light  caused  a 
depression  in  the  rate  of  growth,  with  a  minimum  after  41  to  51  min.  for 
low  amounts  of  light — 14  to  26  min.  with  large  amounts — followed  by  a 
return  to  the  original  rate  of  growth.  In  all  other  respects,  the  response 
was  similar  to  that  with  Phycomyces.  When  exposed  to  continuous  light 
of  1  to  4096  meter-candles,  a  similar  response  occurred.  The  response 
started  after  2  to  8  min.,  the  time  interval  being  shorter,  the  higher  the 
intensity;  the  minimum  was  attained  at  25  to  30  min.  The  rising  limb 
of  the  curve  showed  secondary  minima  at  the  higher  intensities.  From 
these  facts  he  deduced  the  theory  that  phototropic  bending  depended 
upon  the  differences  in  the  light-growth  reactions  caused  by  different 
intensities  of  light. 

Vogt  (118)  carried  out  similar  studies  on  the  coleoptile  of  Avena 
saliva.  When  exposed  to  continuous  light  of  5,  25,  100,  and  1000  meter- 
candles,  the  coleoptiles  completed  their  growth  progressively  earlier  and 
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their  total  lengths  were  correspondingly  less,  being  84,  80,  75,  and  62, 
respectively,  based  on  their  growth  in  darkness  as  100.  Measuring  the 
growth  rate  every  3  min.  he  found  that  exposures  to  intensities  less  than 
1500  meter-candles  for  periods  up  to  15  min.  caused  first  a  depression  in 
growth,  followed  by  an  acceleration;  whereas  exposures  to  intensities  of 
12,000  to  400,000  meter-candles  caused  an  immediate  increase  in  growth 
rate  during  the  first  3  min.  of  exposure,  followed  by  a  decrease  below  the 
original  rate.  He  found  the  same  responses  reported  by  Blaauw  for 
exposures  to  continuous  light.  Preliminary  illumination  at  5  meter- 
candles  did  not  change  the  course  of  the  response  to  higher  intensities. 
Plants  kept  in  light  and  exposed  to  a  short  period  of  darkness  showed  a 
stimulation  in  rate  of  growth.  Sudden  changes  in  temperature  also 
caused  the  growth  curve  to  exhibit  an  undulating  character. 

Sierp  (97)  confirmed  Vogt's  work  that  the  Avena  coleoptile  con- 
tinued growing  longest  in  darkness  and  that  the  length  of  the  growth 
period  and  total  length  of  the  coleoptile  decreased  with  increasing 
light  intensity.  This  held  true  for  plants  illuminated  from  the  start 
and  also  for  those  given  illumination  after  having  grown  for  different 
lengths  of  time  in  darkness.  In  his  experiments  he  measured  the  rate 
of  growth  only  at  intervals  of  1  hr.  or  more;  hence  he  did  not  detect  the 
variations  occurring  in  shorter  intervals.  The  response  he  noted  was 
not  the  typical  light-growth  reaction  of  Vogt  and  Blaauw. 

In  a  later  paper,  Sierp  (98)  measured  the  growth  rate  at  shorter 
intervals  and  was  able  to  observe  the  typical  light-growth  reaction  when 
the  coleoptiles  were  exposed  to  only  100  meter-candle-seconds,  2  sec.  at 
50  meter-candles,  or  10  sec.  at  10  meter-candles.  Weak  responses 
occurred  to  light  as  low  as  10  meter-candles  for  1  sec. 

This  wave-formed  growth  curve  was  produced  not  only  by  exposures 
to  light,  but  also  by  exposing  the  plants  to  the  narcotic  action  of  ether,  or 
to  a  shock  (99).  While  exposed  to  vapors  of  ether,  the  plants  were 
still  able  to  give  a  typical  light-growth  response  when  exposed  to  light. 
When  etiolated  coleoptiles  were  exposed  to  less  than  100  meter-candle- 
seconds  they  tended  to  show  first  a  maximum  at  40  min.  and  a  minimum 
later  at  100  min.  As  the  amount  of  hght  was  increased  to  3000  meter- 
candle-seconds,  the  light-growth  reaction  changed  so  that  the  minimum 
occurred  first  at  30  min.  and  the  first  maximum  at  70  min.  The  peaks 
and  depths  of  the  curve  increased  with  increasing  amounts  of  light. 
When  the  growing  tips  w^ere  covered  with  tinfoil  the  typical  light-growth 
reaction  was  pronouncedly  disturbed,  and  frequently  did  not  occur  at  all, 
whereas  darkening  the  growing  region  tended  only  to  delay  the  beginning 
of  the  reaction. 

By  covering  the  growing  region  with  tinfoil  bands  and  caps,  Sierp  and 
Seybold  (100)  showed  the  light  sensitivity,  as  measured  by  the  time 
required  for  the  initiation  of  phototropic  bending,  to  vary  greatly  from 
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tip  to  base.  The  first  0.25  mm.  proved  to  be  40  times  as  sensitive  as  the 
region  0.25  to  0.5  mm.  This  region  was  6  times  as  sensitive  as  the 
region  0.5  to  0.75  mm.  The  sensitivity  continued  decreasing  until 
beyond  2  mm.  it  was  only  1/36,000  that  of  the  tip.  By  excising  1,  2,  and 
4  mm.  of  the  tip  of  coleoptiles,  they  found  that  the  rate  of  growth  was 
diminished  the  greater  the  length  of  tip  removed  and  also  the  higher  the 
intensity  of  light  to  which  they  were  exposed. 

Koningsberger  (54)  showed  that  preliminary  illumination  at  a  low 
intensity  did  not  prevent  a  typical  light-growth  reaction  at  a  higher 
intensity;  in  fact,  the  reactions  caused  by  the  two  different  intensities 
proceeded  simultaneously,  but  the  magnitudes  of  the  maxima  and  minima 
were  dependent  upon  the  higher  intensity.  By  varying  the  exposure 
intervals  it  was  possible  to  produce  curves  in  which  the  peaks  of  one 
reaction  corresponded  to  the  troughs  of  another  and  thus  produce  the 
typical  interference  phenomenon  in  the  resulting  growth  curve. 

With  a  comprehensive  series  of  experiments  on  the  light-growth 
reaction  of  Avena  Dillewijn  (29)  presented  experimental  evidence  confirm- 
ing Blaauw's  hypothesis  as  to  the  nature  of  phototropic  movement,  and 
explaining  through  the  light-growth  reaction  why  the  type  of  response 
given  varied  with  the  intensity  of  the  light.  He  showed  that  at  low 
intensities  there  was  a  long-period  light-growth  reaction,  while  at  higher 
intensities  the  reaction  had  a  much  shorter  period,  from  trough  to  trough. 
The  light-growth  reactions  for  different  zones  of  the  coleoptile  tip 
were  also  determined  for  different  intensities.  If  the  subapical  regions 
(0  to  2  mm.)  of  plants  from  darkness  are  exposed  to  continuous  illumina- 
tion, a  decrease  in  growth  rate  ensues,  and  this  is  followed  by  a  return 
to  the  initial  rate.  Plants  in  continuous  light  when  darkened  showed 
first  an  increase  in  growth  rate,  followed  by  a  return  to  the  original  rate. 
A  short  exposure  to  light  caused  first  a  decrease  (the  light  response), 
followed  by  an  increase  above  the  original  rate  (the  dark  response). 
Dillewijn  measured  the  changes  in  permeability  of  hypocotyls  of  Heli- 
anthus  caused  by  exposures  to  light.  A  wave-formed  curve  resulted 
which  resembled  somewhat  the  short-period  light-growth  curve;  however, 
more  experiments  will  be  needed  to  establish  the  correlation  between  the 
two. 

Erman  (31)  confirmed  the  findings  of  Vogt  to  the  effect  that  immedi- 
ately after  exposure  to  light  there  was  a  decided  stimulation  in  rate  of 
growth  for  the  first  3  min.  Generally  the  maximum  rate  of  growth 
occurred  during  the  first  minute  of  ilkimination.  Even  1  sec.  of  exposure 
was  sufficient  to  cause  a  response.  Erman  also  showed  that  the  sensi- 
tivity to  light  varied  in  different  varieties  of  Avena. 

Blaauw  (13)  found  a  retardation  in  elongation  of  roots  of  Sinapis 
dlha  when  exposed  to  intensities  of  1500  meter-candles  of  continuous 
illumination.     Roots  of  Raj)hanus  sativus  gave  no  reaction   even  when 
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exposed  to  2000  meter-candles  for  2  hr.  Similar  negative  results  were 
shown  by  roots  of  Avena  saliva  and  Lepidium  sativum. 

Jeffs  (51),  studying  the  influence  of  light  on  the  rate  of  elongation  of 
root  hairs  of  Raphanus  sativus  and  Sinapis  alba,  found  no  indication  of  a 
light-growth  reaction  for  these  cells.  The  light  values  used  varied  up 
to  3,153,600  meter-candle-seconds.  He  concluded  that  such  a  reaction 
probably  depends  upon  changes  in  cell  division  rather  than  on  changes 
in  cell  elongation. 

The  true  nature  of  the  light-growth  reaction  has  not  yet  been  revealed 
and  probably  awaits  a  more  refined  experimental  technique  in  order  to 
determine  just  what  happens  in  the  cell  during  the  first  few  minutes  as 
well  as  to  determine  the  outward  manifestation  of  this  reaction.  Appar- 
ently a  change  in  permeability  and  also  a  change  in  turgor  are  involved. 
However,  it  is  safe  to  conclude  that  exposures  to  light,  even  if  of  very 
brief  duration,  do  set  up  rhythmical  changes  in  growth  rate.  The  type 
and  magnitude  of  the  light-growth  reaction  are  dependent  upon  the 
intensity  and  duration  of  the  light  exposure.  This  reaction  is  intimately 
connected  with  phototropic  movements.  When  acting  continuously, 
light  tends  to  hasten  the  maturation  of  plant  organs  and  to  produce  a 
concomitant  decrease  in  size.  The  magnitude  of  these  effects  increases 
with  increasing  intensity  of  light.  Most  roots  are  apparently  insensitive 
to  the  light-growth  reaction,  as  are  also  root  hairs. 

THE  EFFECT  OF  LIGHT  INTENSITY  UPON  THE  GROWTH  AND 
DEVELOPMENT  OF  PLANTS 

General  Statement. — The  gross  effects  of  variations  in  light  intensity 
upon  the  growth  of  plants  were  well  known  to  early  botanists  and  have 
been  described  in  the  textbooks  on  general  botany,  plant  physiology,  and 
ecology.  Attention  in  this  section  will  be  confined  to  the  deliberate 
attempts  to  study  experimentally  the  influence  of  light  intensity  on 
plants. 

Plants  grown  in  very  low  intensities  of  light,  but  of  normal  daily 
duration,  resemble  very  closely  etiolated  plants  given  short  daily  expo- 
sures to  Ught,  with  the  important  exception  that  they  develop  normal 
or  even  above  normal  chlorophyll  concentration.  However,  the  stems 
and  roots  resemble  those  of  etiolated  plants;  in  fact,  when  grow^n  under 
extremely  low  light  intensities,  the  etiolated  effects  may  even  be  accentu- 
ated. The  stem  elongates  very  rapidly  and,  as  a  consequence,  is  high 
in  moisture  content  and  develops  very  little  mechanical  tissue.  Root 
development  is  at  a  minimum.  As  the  intensity  of  the  light  is  increased 
by  slow  gradations,  leaf  development  is  greatly  enhanced,  the  stems 
continue  to  elongate,  and  root  development  is  kept  at  a  minimum,  but 
the  plants  begin  to  take  on  a  healthy  normal  appearance. 

The  internal  anatomy  of  the  completely  etiolated  plant  shows  only 
slight  differentiation  of  tissue  and  poorly  developed  organs.     When  the 
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plants  are  grown  in  extremely  weak  light,  stem  structure  is  similar  to 
that  of  etiolated  plants,  but  leaf  structure  is  decidedly  different.  The 
leaves  completely  unfold  and  develop  epidermal  layers  and  show  some 
differentiation  among  the  inner  cells.  Ordinarily,  in  plants  grown  in 
weak  light,  the  leaves  are  very  thin  and  have  only  one  layer  of  palisade 
cells  and  a  more  or  less  loosely  organized  parenchyma.  When  the  light 
is  increased  in  intensity  up  to  moderate  values,  stem  and  leaf  differentia- 
tion take  place,  and  the  plant  has  the  general  appearance  of  a  normal 
plant.  In  moderate  intensities  the  leaves  reach  their  maximum  size, 
and  stem  elongation,  if  dependent  upon  food  elaborated  by  the  leaves, 
is  greatest.  Moderate  root  development  occurs.  Under  such  conditions 
the  leaves  will  have  from  one  to  two  layers  of  palisade  tissue  and  will 
develop  the  typical  spongy  parenchyma.  Vegetative  development 
reaches  its  highest  point  at  moderate  light  intensities.  At  extremely 
low  intensities  nutrition  limits  the  development  of  the  leaves  and  height 
growth.  At  moderate  intensities  there  is  evidently  sufficient  food 
available  for  most  vigorous  vegetative  growth.  Flowering  and  fruit 
development  does  not  occur  in  very  weak  light  but  at  moderate  intensities 
flowers  are  produced.  The  intensity  for  optimum  development  of 
flowers  and  fruit,  as  well  as  for  maximum  production  of  dry  matter,  is 
considerably  higher  than  that  required  for  best  vegetative  development. 

At  extremely  high  light  intensities  transpiration  is  excessive.  Under 
such  conditions  the  plants  develop  various  devices  which  protect  them 
against  excessive  heating  and  drying.  This  resvilts  in  short  stems,  thicker 
leaves,  but  less  total  leaf  area,  increased  water-conducting  tissues,  a  more 
rapid  rate  of  transpiration  and,  in  general,  features  typical  of  xerophytic 
plants. 

Root  development  is  greatly  enhanced  by  high  light  intensities.  If 
plants  abundantly  .supplied  with  nitrates  could  be  grown  in  very  high 
light  intensities  and  at  the  same  time  in  atmospheres  containing  a  large 
supply  of  moisture,  it  is  possible  that  vegetative  growth  would  not 
be  checked.  However,  there  are  other  effects  of  high  light  intensity, 
aside  from  that  resulting  in  a  moisture  deficit  within  the  plant.  Pro- 
longed illumination  of  leaves  at  high  intensities  results  first  in  an  accumu- 
lation of  starch  and  later  in  the  entire  disappearance  of  starch.  High 
light  intensities  also  tend  to  increase  the  alkalinity  of  the  cell  sap.  In 
extreme  cases  this  may  interfere  with  the  iron  nutrition  of  the  plant. 
In  such  cases  the  plants  become  chlorotic  through  the  breakdown  of 
chlorophyll. 

These  reactions  of  the  plant  to  variations  in  fight  intensity  are  in 
general  of  an  adaptive  nature.  At  low  intensities,  the  plant  requires  a 
very  efficient  photo.synthetic  apparatus.  This  is  pro\dded  in  large,  thin 
leaves,  high  in  chlorophyll  concentration  and  widely  spaced  on  the 
stem.     At  high  light  intensities  the  plant  with  large  thin  leaves  is  at  a 
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disadvantage  in  meeting  the  excessive  transpiration  losses.  In  this 
case,  the  smaller,  thicker,  cutinized  leaves  are  an  advantage.  Also  a 
contraction  in  the  volume  occupied  by  the  plant  is  advantageous. 

REVIEW  OF  SPECIFIC  INVESTIGATIONS 

Beyond  the  juvenile  stage  the  development  of  tissue  in  green  plants 
under  different  light  intensities  depends  upon  the  amount  of  carbo- 
hydrates produced.  The  development  of  dry  weight  is  directly  cor- 
related with  photosynthetic  activity.  The  effect  of  light  intensity  upon 
photosynthesis  is  considered  separately  by  Spoehr  and  Smith  (Paper 
XXXI)  and  will  not  be  taken  up  here. 

Production  of  dry  matter  in  plants  is  dependent  on  many  other  factors 
than  light,  hence  experiments  on  the  effect  of  Ught  on  the  production  of 
dry  matter  have  failed  to  establish  a  definite  proportionality. 

In  a  series  of  experiments  on  the  effects  of  light  intensity  on  plant 
growth  Lubimenko  (62)  grew  plants  in  small  cages  which  were  pro- 
vided with  shades.  Although  temperature  and  humidity  control  were 
impossible,  the  variations  in  these  factors,  while  important,  were  evi- 
dently not  large  enough  to  vitiate  the  results.  His  light  values  were 
given  in  terms  of  the  amount  which  would  pass  through  glass  5  mm.  in 
thickness.  Intensities  varied  from  the  amount  of  light  which  would  pass 
through  one  layer  of  glass  to  the  amount  which  would  pass  through 
54  layers.  The  production  of  dry  matter  increased  with  hght  intensity 
up  to  a  maximum  and  then  decreased.  He  found  that  the  optimum 
illumination  for  production  of  dry  matter  varied  both  with  temperature 
and  with  chlorophyll  concentration.  The  higher  the  chlorophyll  concen- 
tration in  the  plant,  the  lower  the  light  intensity  required  for  maximum 
production  of  dry  matter.  Chlorophyll  development  was  itself  depend- 
ent upon  light  intensity.  The  optimum  light  intensity  for  chlorophyll 
development  was  considerably  below  that  for  the  optimum  production 
of  dry  matter.  Strong  Ught  intensities  tended  to  favor  root  growth 
more  than  shoot  growth.  Leaf  areas  attained  a  maximum  at  moderate 
light  intensities  and  fell  off  with  further  increase  or  decrease  in  light. 
In  1905  Lubimenko  (61),  with  the  best  methods  then  available,  made  a 
study  of  the  effect  of  light  intensity  on  chlorophyll  concentration  and  was 
able  to  separate  the  shade-loving  plants  from  the  sun-plants  on  the  basis 
of  their  ability  to  increase  their  chlorophyll  concentration  at  low  light 
intensities.  Sun-plants  showed  approximately  the  same  chlorophyll 
concentration  at  all  light  intensities,  but  shade-plants  showed  a  con- 
siderable increase  in  chlorophyll  concentration  with  decreasing  light 
intensity. 

Combes  (22)  grew  a  number  of  plants  under  an  improved  type  of  cloth 
shade,  ingeniously  designed  so  as  to  admit  free  air  circulation  and  still 
exclude  light.     Temperature  and  humidity  were  maintained  at  values 
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close  to  those  out  of  doors.  The  optimum  light  intensity  for  production 
of  dry  matter  increased  with  the  increasing  age  of  the  plant.  Maximum 
dry  weight  of  the  fruit  always  occurred  in  full  sunlight.  The  optimum 
intensities  for  growth  are  considerably  above  those  given  by 
Lubimenko. 

Rose  (85),  used  the  Combes  frames,  covered  to  supply  intensities 
from  11  to  100  per  cent,  as  measured  by  the  Roscoe-Bunsen  photometer. 
A  decrease  in  light  intensity  stimulated  leaf  development  at  the  expense 
of  root  development.  He  assumed  that  the  optimum  light  intensity  was 
that  value  at  which  maximum  leaf  area  developed;  however,  maximum 
dry  weight  occurred  at  a  light  value  considerably  higher.  Rose  tested 
the  rate  of  photosynthesis  of  leaves  developed  under  different  light 
intensities.  Garden  peas  showed  maximum  assimilation,  per  unit  leaf 
weight,  under  full  sunlight,  whereas  for  Teucrium  there  seemed  to  be  no 
appreciable  increase  in  the  rate  of  photosynthesis  from  plants  grown  and 
tested  under  34  per  cent  light  to  those  grown  and  tested  in  full  sunlight. 
However,  it  should  be  noted  that  a  gram  of  leaves,  developed  in  full 
sunlight,  has  much  less  area  than  a  gram  developed  in  reduced  light. 
He  found  that  leaves  developed  at  one-half  to  two-thirds  of  full  sunlight 
could  at  certain  stages  of  development  assimilate  carbon  dioxide  in  full 
daylight  faster  than  leaves  developed  in  full  daylight.  But  leaves 
developed  in  full  daylight  cannot  assimilate  in  reduced  light  as  fast  as 
those  developed  in  reduced  light.  Shade  plants  exhibited  a  greater 
range  in  morphological  structure  and  in  chlorophyll  content  of  leaves 
when  developed  under  varying  conditions  of  light  intensity  than  peas  or 
other  sun  plants.  With  increasing  light  intensity  a  marked  increase  in 
the  percentage  of  dry  matter  occurred.  At  34  per  cent  light  the  dry 
matter  was  18  per  cent,  at  100  per  cent  light  the  dry  matter  was  30  per 
cent.  The  root  weight  in  percentage  of  total  plant  weight  increased 
from  9  at  34  per  cent  light  to  29  at  100  per  cent  light. 

Growing  various  plants  under  shades  in  Louisiana,  Shantz  (93)  found 
that  potatoes,  cotton,  lettuce,  and  radishes  increased  in  fresh  weight  as 
the  light  intensity  was  decreased  from  100  to  50  per  cent  of  full  sunlight. 
None  of  the  plants  used  was  able  to  grow  past  the  seedling  stage  in  6  per 
cent  light. 

Hasselbring  (47),  in  Cuba,  grew  tobacco  plants  under  light  cheese 
cloth  shades  which  transmitted  approximately  two-thirds  of  the  light. 
The  humidity  was  higher  under  the  shades,  evaporation  considerably 
less,  and  the  amount  of  water  transpired  was  30  per  cent  less.  The  leaf 
area  was  considerably  greater  under  the  shades,  while  fruit  development 
was  better  in  the  open.  From  the  standpoint  of  tobacco  growers,  shading 
was  decidedly  beneficial. 

Growing  soy  beans  under  shade  at  Washington,  D.  C,  Garner  and 
Allard  (37)  found  that  the  shading  caused  a  decrease  in  the  dry  weight  of 
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both  the  tops  and  the  beans;  Ukewise,  the  yield  of  seed  was  considerably 
reduced. 

The  effect  on  plants  of  shading  to  44,  18,  and  15  per  cent  of  full  sur;- 
light  in  New  Hampshire  was  studied  by  Gourley  (41)  and  Gourley  and 
Nightingale  (42).  Shaded  leaves  of  the  Carman  peach  tree  averaged 
69  per  cent,  and  Elberta  59  per  cent  larger  in  area  than  unshaded  leaves. 
Oldenburg  apple-tree  leaves  from  the  shade  were  over  three  times  as  large 
as  those  developed  outside  the  shade.  Similar  changes  were  observed 
in  strawberry,  asters,  lettuce,  buckwheat,  geranium,  and  eggplant.  The 
typical  thin  leaves  with  single  layers  of  palisade  cells  and  loosely  organized 
parenchyma  were  produced  in  shade.  The  internodes  were  longer,  but 
branches  and  spurs  fewer,  and  root  systems  were  restricted. 

With  seedlings  of  Douglas  fir  and  Engelmann  spruce  grown  in  Utah 
at  7000  ft.  elevation,  under  lath  screens  which  provided  }4,  3^,  and  % 
shade,  Korstian  (55)  obtained  best  growth  and  survival  with  )^  shade. 
The  osmotic  concentration  of  the  sap  as  measured  by  freezing-point 
depression  was  16.7  atmospheres  under  half  shade  as  compared  with 
19.1  in  full  sunlight.  The  palisade  tissue  and  spongy  parenchyma  were 
only  weakly  developed  in  the  shade,  and  the  needles  were  much  thinner 
and  less  in  cross-sectional  area. 

Apple  trees  shaded  to  about  5  per  cent  light  intensity  are  described 
by  Auchter  et  al.  (6)  to  have  larger  and  thinner  leaves,  long,  spindly 
branches  which  tended  to  curl  and  twist  at  the  ends,  loose  leaf  structure, 
and  early  leaf  fall.  Where  one-half  of  the  tree  was  shaded  and  the 
other  not,  the  shaded  half  developed  Hke  trees  completely  shaded,  and 
the  unshaded  half  developed  like  normal  trees,  except  that  during  the 
second  season  the  shaded  half  produced  branches  shorter  than  those  on 
the  completely  shaded  trees.  He  suggested  that  shading  may  be  the 
primary  cause  of  the  poor  development  and  dying  of  lower  and  inner 
branches  of  dense  trees. 

Coniferous  seedlings  under  different  intensities  of  artificial  illumina- 
tion increased  in  size  with  increasing  light  intensity  (Bates,  7;  Bates  and 
Roeser,  8).  The  minimum  amount  of  light  necessary  to  maintain  the 
seedlings  for  11  months  varied  from  about  1  to  6  per  cent  of  total  sunlight. 
In  making  his  measurements,  however.  Bates  compared  the  total  radia- 
tion delivered  by  the  lamp  with  the  total  radiation  of  the  sun.  Since 
only  about  15  per  cent  of  the  radiation  given  by  an  electric  lamp  lies  in 
the  visible  region,  as  contrasted  with  approximately  50  per  cent  for  sun- 
light, these  values  are  undoubtedly  high. 

Popp  (75)  grew  soy  beans  with  different  degrees  of  shading.  Initial 
stem  elongation  was  greatest  with  decreasing  light  intensity,  but  the 
final  height  was  greater  in  moderate  light  intensity.  The  best  plants 
were  produced  under  full  sunlight.     Leguminous  plants  which  under  full 
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sunlight  have  no  tendency  to  twme,  such  as  bush  and  hma  beans,  (117) 
and  soy  beans  (75),  may  become  twiners  in  reduced  hght  intensity. 

ZilUch  (122)  grew  plants  in  the  open  and  under  lattice  shades  which 
covered  3^,  3^,  and  ^  of  the  area.  The  corresponding  light  intensities 
were  100,  75,  50,  and  33  per  cent,  respectively.  With  temperature  and 
humidity  conditions  remaining  essentially  uniform,  most  of  his  plants 
showed  the  usual  morphological  characteristics  developed  in  the  shade, 
though  weeds  were  less  affected  than  cultivated  plants.  In  some  plants 
flowering  was  delayed  by  shading,  as  was  also  the  ripening  of  the  fruit. 
Fresh  weight  and  the  number  of  seeds  per  plant  were  often  at  a  maximum 
at  one-fourth  to  one-half  shade  for  weeds,  but  the  size  of  seeds  was  largest 
with  three-fourths  shade.  Cultivated  plants,  peas,  and  barley  showed  a 
decrease  in  yield  of  seeds  and  also  in  dry  weight,  with  decrease  in  light 
intensity. 

Shirley  (94)  grew  a  number  of  plants  under  different  light  intensities 
using  both  artificial  light  and  sunlight.  Dry  weight  increased  with 
increasing  light  intensities  from  30  to  700  foot-candles,  an  increase  more 
or  less  in  direct  proportionality  to  intensity.  The  plants  grown  under 
artificial  light  were  in  the  path  of  an  atmosphere  delivered  from  an 
air-conditioning  machine  which  rendered  temperature  and  humidity 
constant.  Plants  grown  in  the  greenhouse  under  different  shades 
generally  attained  a  maximum  dry  weight  at  the  highest  light  intensity 
available.  Temperature  and  moisture  conditions  were,  in  general, 
favorable  for  growth  in  the  greenhouse.  When  the  plants  were  grown  in 
shades  out-of-doors  where  temperature  conditions  are  not  always  favor- 
able, the  dry  weight  did  not  always  show  an  increase  with  increased  light. 
For  several  plants  there  appeared  to  be  an  optimum  value  below  that  of 
full  sunlight.  Later  in  the  season,  however,  the  same  species  showed 
greatest  dry  weight  in  full  sunlight.  The  percentage  of  dry  matter  always 
increased  with  increasing  light  intensity,  as  also  the  ratio  of  the  roots  to 
the  tops.  Height  growth  decreased  with  increasing  light  when  the  light 
values  were  high,  but  at  lower  intensities  height  growth  increased  witli 
light.  Leaf  structure  tended  to  become  more  compact  with  increasing 
light.  Plants  grown  under  from  1  to  20  per  cent  light  developed  only 
one  layer  of  palisade  tissue,  whereas  those  grown  at  70  per  cent  had 
two  distinct  layers.  The  cells  increased  in  size  from  low  light  intensities 
up  to  a  certain  optimum,  at  which  maximum  leaf  area  was  developed,  and 
thereafter  there  was  a  decrease  in  size. 

Hoffman  (49)  compared  plants  grown  in  Vienna  in  a  shaded  court  with 
those  on  a  roof  garden.  The  light  intensity  in  the  court  was  only  about 
one-sixth  of  that  on  the  roof  garden.  She  made  a  careful  study  of  leaf 
area  and  leaf  anatomy  of  the  plants  used.  Leaf  areas  and  width  of 
the  epidermal  cells  were  greater  in  the  shade  while  leaf  thickness,  length 
of  epidermal  cells,  and  the  cross  section  of  vascular  bundles  were  greater 
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in  full  sunlight.  There  appeared  to  be  little  difference  in  the  number  of 
stomata  per  square  millimeter,  but  there  was  a  tendency  for  greater 
concentration  of  stomata  in  the  plants  grown  in  the  open.  There  were 
more  rows  of  palisade  cells,  and  the  cells  were  longer  in  the  sun-plants. 
The  epidermis  w^as  thicker  and  there  were  more  cells  in  the  spongy- 
parenchyma.  The  vascular  bundles  developed  26  per  cent  more  cells  in 
the  light,  and  the  cell  walls  of  the  epidermis  were  much  thicker  in  the 
light. 

Penfound  (72;  73)  grew  HeUanthus  annuus,  Polygonum  hydro-piper, 
and  castor  beans  in  full  sunlight  and  under  lath  shades  which  transmitted 
about  20  per  cent  light.  Root  length  and  thickness,  stem  thickness,  and 
leaf  thickness  were  favored  by  full  sunlight,  while  stem  length  was 
greater  in  the  shade.  The  depth  of  xylem  in  roots,  hypocotyls,  and  stems 
was  greater  in  the  light,  and  the  cell  walls  of  wood  and  bast  fibers  were 
thicker.  In  full  sunlight  the  leaf  epidermal  cells  were  larger,  the  palisade 
and  parenchyma  layers  deeper,  and  the  number  of  stomata  greater.  The 
conducting  vessels  per  unit  leaf  area  were  also  larger  in  full  sunlight  but 
the  rate  of  flow  of  water  was  the  same. 

Steinbauer  (101)  cultivated  for  10  weeks  seedlings  of  Fraxinus 
pennsylvanica  in  mineral  nutrient  solutions  equivalent  in  osmotic  con- 
centration to  atmospheric  pressures  of  0.01,  0.1,  and  1.0,  respectively, 
and  subjected  to  light  intensities  of  130,  70,  48,  and  31  footcandles. 
The  plants  which  received  only  31  foot-candles  illumination  succumbed 
at  the  end  of  2  weeks  in  all  solution  concentrations.  Gain  in  dry  weight 
and  in  length  of  tops  and  roots  was  greater  in  the  highest  light  intensity. 
Best  growth  for  these  light  intensities  occurred  in  the  solution  with  a 
concentration  equivalent  to  0.1  atmosphere  and  poorest  growth  with 
the  equivalent  of  0.01  atmosphere. 

Lubimenko  (62),  Burns  (17),  Grasovsky  (43),  and  other  investigators 
have  studied  the  light  intensity  required  for  a  carbon  dioxide  balance — 
that  is,  when  the  carbon  dioxide  given  off  in  respiration  will  just  be  used 
up  in  the  photosynthetic  process.  They  have  found  this  to  be  attained 
at  rather  low  light  intensities,  about  1  to  5  per  cent  of  full  sunlight. 

The  actual  intensity  required  for  a  carbon  dioxide  balance  depends 
upon  the  previous  treatment  to  which  the  plants  have  been  subjected, 
plants  grown  in  strong  light  requiring  a  higher  inten.sity  for  a  balance. 
Burns  has  considered  this  point  at  which  the  carbon  dioxide  balance 
occurs  as  representing  the  minimum  light  requirements  of  the  species  in 
question.  Such  an  interpretation  must,  of  course,  take  into  consideration 
plants  growing  under  natural  conditions,  since  they  must  build  up  in  light 
a  reserve  to  carry  them  through  the  night.  Furthermore,  the  respiration 
rate  increases,  and  probably  also  the  point  of  balance,  with  increasing 
temperature.  This  minimum  requirement  also  assumes  that  light  is 
required  only  for  the  photosynthetic  process. 
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The  effects  of  light  intensity  on  the  structure  of  plants  has  received 
a  great  deal  of  study.  The  differences  between  shade  leaves  and  sun 
leaves  has  been  pointed  out  by  many  investigators.  This  work  is 
reviewed  in  the  general  textbooks  of  botany  and  plant  physiology  and 
especially  by  Goebel  (40),  Lundeg&rdh  (64),  MacDougal  (66),  and  Haber- 
landt  (44).  In  practically  all  this  work  no  quantitative  studies  have  been 
made.  Studies  of  the  structure  of  plants  grown  under  known  light 
conditions  have  been  made  by  Hasselbring  (47),  Popp  (75),  Pfeiffer  (74), 
Hoffmann  (49),  and  Shirley  (94).  Practically  all  these  investigators, 
however,  have  used  the  sun  as  a  source  of  radiation.  The  features 
observed  by  these  workers  are  those  described  in  the  introduction  and 
text  of  this  section. 

LIGHT    INTENSITY    AND    MINERAL   NUTRITION 

Stutzer  and  Goy  (103)  made  analyses  of  the  nitrogen,  ash,  and  nicotine 
content  of  tobacco  grown  under  shades  transmitting  about  70  and  about 
6  per  cent  light.  Yield  of  leaves  was  higher  in  the  70  per  cent  light. 
Total  nitrogen,  ash,  and  potassium  increased  with  decreasing  light,  while 
nicotine  decreased. 

Studying  the  chemical  composition  of  blue-stem  wheat  which  had 
ripened  under  the  shade  of  16-ounce  duck  and  comparing  the  analyses 
with  those  of  plants  ripened  in  full  sunlight,  Thatcher  and  Watkins  (107) 
found  the  shaded  kernels  higher  in  protein  and  lower  in  starch.  The 
ash  and  moisture  content  of  the  kernels  seemed  not  to  be  affected.  Fur- 
ther studies  by  Thatcher  (106)  of  wheat,  oats,  barley,  field  peas,  and 
emmer  gave  similar  results.  In  this  case  the  plants  were  subjected  to 
shading  for  a  longer  period.  Shading  increased  the  percentage  of  mineral 
and  nitrogenous  matter,  but  decreased  the  percentage  of  dry  matter  and 
stored  carbohydrates. 

Kraybill  (56)  found  that  shading  apple  trees  caused  an  increase  in  the 
percentage  of  total  nitrogen,  a  decrease  in  carbohydrates,  and  an  increase 
in  dry  matter.  This  is  opposite  to  the  findings  of  other  workers  on  her- 
baceous plants  but  agrees  with  some  of  the  writer's  unpublished  results 
on  shaded  conifers.  Vinson  (117)  found  a  higher  ratio  of  nitrogen  to 
carbohydrates  in  shaded  plants.  Auchter  et  al.  (6)  found  that  shading 
apple  trees  to  5  per  cent  of  normal  sunlight  caused  a  lower  starch  content 
of  terminals  and  spurs,  evidently  a  result  of  reduced  photosynthesis. 
The  shaded  trees  and  shaded  halves  of  trees  were  lower  in  percentages 
of  dry  matter  and  generally  lower  in  carbohydrates  but  higher  in  nitrogen. 

Surveying  the  influence  of  light  intensity  and  light  quality  upon  the 
assimilation  of  nitrates  in  wheat,  Tottingham  and  Lowsma  (109)  deter- 
mined that  those  plants  exposed  to  only  1}^  hr.  of  direct  sunlight  on  clear 
days,  as  contrasted  with  plants  kept  in  the  greenhouse,  had  more  protein 
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and  absorbed  more  nitrogen.  Wiesmann  (119)  found  that  plants  grown 
in  full  sunlight  absorbed  more  mineral  nutrients  than  those  grown  in  lower 
light  intensities. 

Cooper  (23)  found  a  correlation  between  the  tolerance  of  plants  to 
shade  and  to  strong  ions.  Plants  which  make  best  growth  on  fertile 
soils  and  require  strong  ions  were  intolerant  of  shade  and  had  a  high 
carbohydrate  reserve,  whereas  plants  which  grow  on  poor  soils  and  endure 
large  quantities  of  weak  ions  were  more  tolerant  of  shade  but  had  a  lower 
carbohydrate  reserve. 

Tyson  (116)  made  chemical  analyses  of  sugar  beets  grown  in  the  open 
and  under  1,  2,  3,  and  4  layers  of  cheesecloth,  and  under  2  layers  of  cheese- 
cloth plus  1  layer  of  black  calico.  Ash  content  of  roots  and  leaves,  based 
on  percentage  of  dry  weight,  increased  somewhat  with  decreasing  light. 
This  was  reflected  in  increased  magnesium,  phosphorus,  and  calcium. 
The  sugar  percentage  of  the  beets  on  a  dry-weight  basis  was  about  the 
same  for  all  light  intensities.  Total  yield  of  beets  and  tops  increased 
directly  with  increasing  light  intensity.  Catalase  activity  was  favored 
by  increasing  light  intensity  and  oxidase  activity  by  decreasing  light 
intensity. 

The  effect  of  light  intensities  on  the  rate  of  reproduction  of  Lemna 
major  was  studied  by  Clark  (21).  The  plants  were  grown  in  nutrient 
solution  and  subjected  to  illuminations  of  400  and  900  foot-candles.  The 
rate  of  reproduction,  which  is  a  measure  of  photosynthetic  activity, 
increased  in  both  cases  with  increased  length  of  day  up  to  continuous 
illumination.  The  plants  with  900  foot-candles  reproduced  more  rapidly 
than  those  with  400  foot-candles,  regardless  of  the  length  of  day,  and  the 
difference  between  the  two  treatments  became  greater  as  the  daily  period 
of  illumination  was  increased.  With  continuous  illumination  the  plants 
tended  to  become  chlorotic.  Changing  the  solutions  every  12  hr.  avoided 
this  difficulty,  the  iron  in  the  solution  being  no  longer  available  after  a 
period  of  continuous  illumination. 

Loehwing  (60),  studying  the  influence  of  light  on  the  hydrogen  ion 
concentration  of  the  cell  sap  of  wheat,  found  that  plants  grown  on  alkaline 
soil  at  high  light  intensities  became  chlorotic.  Under  such  conditions 
the  iron  did  not  move  from  the  roots  up  the  stems.  Full  sunlight  caused 
a  decrease  in  the  acidity  of  the  cell  sap.  In  the  alkaline  cell  sap,  iron 
was  insoluble  and  hence  could  not  be  transported.  Shaded  plants  were 
able  to  remain  green  under  the  same  soil  conditions. 

The  work  of  these  investigators,  together  with  observations  of  other 
workers  who  grew  plants  in  nutrient  solutions,  indicates  that  under  certain 
conditions  in  which  the  soil  or  nutrient  solution  is  near  the  neutral  point, 
or  slightly  alkaline,  strong  light  intensity  may  interfere  with  the  iron 
nutrition  of  the  plants.  This  question  undoubtedly  merits  further 
investigation  and  should  prove  a  fruitful  field  for  further  study. 
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THE    INFLUENCE    OF   LIGHT   INTENSITY   ON    FLOWERING 

Under  extremely  low  light  intensities,  plants  may  develop  leaves 
but  they  do  not  flower.  The  minimum  values  required  for  flowering 
have  not  been  accurately  established.  Apparently  at  least  10  per  cent 
of  normal  summer  sunlight  of  temperate  regions  is  required  for  the  flower- 
ing of  most  plants.  The  plants  which  commonly  grow  in  the  shade  are 
able  to  flower  at  lower  intensities  than  those  normally  accustomed  to 
full  sunlight.  Ordinarily,  shading  does  not  appreciably  delay  the  time 
of  flowering,  unless  it  is  so  dense  as  to  seriously  interfere  with  the  nutrition 
of  the  plant.  Shading  often  tends  to  prolong  the  vegetative  and  fruiting 
period,  while  full  sunlight  tends  to  hasten  maturity. 

Gourley  (41)  found  that  flowering  of  apple  trees  shaded  in  the  spring 
before  the  buds  opened  was  not  appreciably  interfered  with  by  the  shade, 
but  the  next  season,  after  a  full  year  of  shade,  it  was  considerably  reduced, 
while  the  third  season  two  trees  produced  only  eight  clusters.  Reduc- 
tion in  flowering  was  likewise  observed  for  tomato,  geranium,  and  nastur- 
tium. Similar  reduction  in  flowers  and  delay  in  flowering  were  noted  by 
Auchter  et  at.  (5,  6). 

Daniel  (26)  found  that  shading  head  lettuce  not  only  prevented  the 
formation  of  the  typical  head  but  also  caused  a  decrease  in  flower  heads 
from  3287  to  425  and  in  number  of  fertile  achenes  per  head  from  24  to 
13.  Similar  reduction  in  number  of  flowers  and  fruit  in  shaded  plants 
have  been  observed  by  Zillich  (122),  Shantz  (93),  Shirley  (94),  and  Yin- 
son  (117),  as  well  as  by  many  ecological  workers.  Schrader  and 
Marth  (90)  found  that  shading  individual  apple  fruits  caused  an  inhibition 
of  red-pigment  development  and  also  some  reduction  in  size  of  fruit. 

THE    INFLUENCE    OF    LIGHT    INTENSITY    UPON    TRANSPIRATION,    WINTER 
HARDINESS,    AND    RESISTANCE    TO    DROUGHT 

Conducting  a  very  comprehensive  series  of  experiments  on  the 
transpiration  of  crop  plants,  Briggs  and  Shantz  (15)  made  daily  records 
of  radiation,  temperature,  wet-bulb  depression,  and  wind  velocity. 
These  were  correlated  with  the  daily  rate  of  transpiration  over  a  period 
of  two  years  for  a  wide  variety  of  grains  and  leguminous  plants.  The 
correlation  ratio  between  radiation  and  transpiration  varied  from  0.65  for 
small  grains  to  0.48  for  leguminous  crops.  Individual  varieties  showed 
ratios  as  high  as  0.80.  They  showed  that  of  the  radiation  received,  an 
equivalent  of  50  to  100  per  cent  was  dissipated  in  transpiration.  Like- 
wise, Penfound  (72)  observed  that  Helianthus  annuus  plants  developed  in 
full  sunlight,  evaporated  3610  cc,  as  contrasted  with  821  cc.  evaporated 
by  the  same  species  in  a  shade  providing  20  per  cent  of  full  sunlight. 
For  Polygonum  hydropiper  the  values  were  3125  and  1190  for  sun  and 
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shade,  rospoctively.  This  increased  evaporation  occurred  in  spite  of  the 
fact  that  the  leaf  surface  in  each  case  was  greater  in  the  shade.  Similar 
responses  were  found  to  hold  for  the  castor  bean  (73).  Maximow 
and  Lebedincev  (68)  found  that  light  stimulated  the  development  of 
water-conducting  vessels. 

Lachenmeier  (57)  tested  water  intake  and  transpiration  of  Veronica 
Beccabunga,  Hieracium  pilosella,  and  Mijosotis  palustris  under  constant 
conditions  of  temperature,  humidity,  and  light.  With  light  of  8  lux, 
transpiration  was  but  little  higher  than  in  darkness;  with  100  lux  some- 
what higher;  while  with  30,000  lux  a  decided  increase  occurred.  Veronica 
more  than  doubled  the  rate  in  darkness.  Furthermore,  with  continuous 
illumination  the  transpiration  rate  increased  up  to  a  maximum  at  the 
end  of  1  hour  and  remained  constant  thereafter.  For  Hieracium  at 
30,000  lux  the  transpiration  rate  immediately  increased  threefold  but 
later  fell  off  to  about  2  to  2^  times  the  rate  in  darkness.  Other  plants, 
including  excised  shoots,  showed  similar  correlation  between  light 
intensity  and  transpiration. 

Chodat  and  Kann  (20)  noticed  that  the  rate  of  transpiration  of  alpine 
plants  decreased  at  high  light  intensities.  Chodat  (19)  attributes  this 
decrease  to  a  change  in  cellular  permeability  under  the  influence  of  the 
high  content  of  blue  and  ultra-violet  light  at  high  altitudes.  Since  this 
explanation  is  at  variance  with  the  results  of  Priestley  and  Lepeschkin, 
who  found  that  light  increased  the  permeability  of  protoplasm,  it  should 
not  be  accepted  without  direct  experimental  proof.  Possibly  some  other 
factor  is  responsible,  such  as  the  closing  of  stomata,  due  to  a  deficit  in 
water  supply.  Mittmeyer  (69)  showed  that  the  daily  cuticular  trans- 
piration of  xerophytes  followed  light  intensity  more  closely  than  evapora- 
tion. In  xerophytes  cuticular  transpiration  accounts  for  two-thirds  to 
three-fourths  of  the  total,  and  in  mesophytes  one-half  or  more. 

A  careful  study  of  the  effect  of  radiation  on  transpiration  was  recently 
conducted  by  Arthur  and  Stewart  (1).  Temperature,  humidity,  and 
light  conditions  w^ere  carefully  maintained.  The  loss  of  water  in  12  hr. 
per  square  inch  of  leaf  surface  at  73°  to  78°F.  and  50  per  cent  relative 
humidity  was:  in  darkness,  0.05  to  0.07  gm.;  at  a  radiation  intensity  of 
0.28  gm.  cal./cm.  Vmin.,  0.60  to  0.63  gm. ;  at  0.65  gm.  cal./cm.Vmin.,  1.00 
to  1.29  gm.  At  88  per  cent  relative  humidity  the  transpiration  was:  in 
darkness,  0.03  to  0.05  gm.;  at  0.28  gm.  cal./cm.Vmin.,  0.56  gm.;  at 
0.65  gm.  cal./cm.Vmin.,  0.93  to  1.17  gm.  Increasing  the  temperature  to 
98°  to  100°F.  caused  a  loss  at  0.65  gm.  cal./cm.Vmin.  of  2.67-2.82  gm.  at 
68  per  cent  relative  humidity.  There  was,  therefore,  a  very  definite 
dependence  of  transpiration  upon  radiation  intensity. 

Sunlight  may  at  times  be  so  high  as  to  cause  injury  to  plants,  partic- 
ularly young  seedlings.  This  is  generally  due  to  excessive  heat  or  to 
excessive  transpiration.     Such  injuries  have  been  reported  in  coniferous 
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nurseries  by  Hartley  (45),  Hartley  and  Merrill  (46),  Tourney  and  Neeth- 
ling  (112),  and  Li  (59).  It  is  possible  that  such  injuries  may  occur  in 
much  larger  trees.  Sun  scald  of  fruit  trees  is  commonly  reported.  This 
is  due  to  excessive  heating  rather  than  to  too  much  light.  Much  so-called 
winter  injury,  especially  in  evergreens,  frequently  attributed  to  freezing 
temperatures,  is  probably  due  to  the  excessive  transpiration  caused  by  a 
warm  bright  day  at  a  time  when  the  ground  is  frozen,  rather  than  to  low 
temperature. 

Dexter  (27,  28)  has  shown  that  light  has  a  profound  influence  on 
hardening  of  plants  against  cold.  Plants  deprived  of  carbon  dioxide 
would  not  harden  under  any  circumstances.  With  cold  days  and  warm 
nights,  or  continuous  cold  in  darkness,  hardening  did  not  occur  to  any 
appreciable  extent;  continuous  cold  in  light,  or  cold  nights  and  warm 
days  both  induced  hardening.  Any  treatment  involving  low  tempera- 
tures which  tended  to  favor  photosynthesis  and  retard  respiration  and 
growth  assisted  hardening.  Tysdal  (115)  found  that  alfalfa  plants 
harden  better  if  kept  for  16  hr.  at  0°C.  in  the  dark,  and  8  hr.  at  20°C.  in 
the  light,  than  if  given  a  shorter  day  in  light.  That  shading  decreases 
hardiness  has  been  observed  by  Auchter  and  Schrader  (5)  and  several 
others.  Unpublished  work  of  the  writer  indicates  that  plants  developed 
in  shade  are  less  resistant  to  drought  than  those  grown  in  full  sunlight. 

MINIMUM    LIGHT    REQUIREMENTS 

It  is  beyond  the  scope  of  this  paper  to  present  a  detailed  review  of 
ecological  studies  of  the  effect  of  light  intensity  on  plants.  A  few  words 
may  be  said,  however,  about  minimum  light  requirements. 

There  is  a  vast  literature  dealing  with  the  determination  of  minimum 
light  requirements  of  plants  as  ascertained  by  ecological  methods;  i.e., 
by  finding  the  lowest  light  intensity  under  which  a  given  species  of  plant 
can  exist.  Of  this  work,  the  investigations  of  Wiesner  (120)  are  the  most 
extensive.  They  cover  a  period  of  30  years  and  include  plants  of  both 
hemispheres,  from  tropical  to  arctic  conditions.  This  work  cannot  be 
taken  up  in  detail  here,  but  it  is  well  to  point  out  that  the  methods  used 
by  him  and  many  other  investigators  are  accurate  enough  to  show  only 
general  trends.  For  instance,  Wiesner  points  out  that  plants  in  warm 
regions  require  less  light  than  the  same  species  growing  farther  north  or  at 
higher  altitudes.  This,  however,  is  a  response  to  temperature  rather 
than  light.  Also  workers  have  come  to  the  conclusion  that  the  light 
requirements  of  a  plant  increase  with  increasing  age,  and  with  decreasing 
soil  fertility  and  soil  moisture.  Such  conclusions  must  be  put  to  labora- 
tory test  and  critical  analysis  before  they  can  be  accepted.  Furthermore, 
the  ability  of  a  given  plant  species  to  become  established  in  natural  shady 
habitats  is  often  determined  by  conditions  favorable  for  seed  germination 
and  other  factors  quite  independent  of  light.     For  further  discussion  of 
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this  subject  tlie  reader  is  referred  to  Zon  and  Graves  (123)  and  to 
Riibel  (86).  The  importance  of  factors  other  than  Hght  in  determining 
the  estabhshment  and  growth  of  vegetation  under  natural  canopies  is 
stressed  by  Fricke  (35),  Toumey  (110),  Toumey  and  Kienholz  (111),  and 
Fabricius  (32,  33).  Furthermore,  the  ecologist  and  forester  are  in  reality 
much  less  concerned  about  the  minimum  amount  of  light  required  to 
keep  a  plant  alive  than  the  amount  required  for  satisfactory  growth, 
since  the  plant  which  is  living  under  light  conditions  sufficient  only  to 
maintain  life  may  soon  succumb  to  other  unfavorable  conditions. 

A  correlation  between  light  intensity  and  the  occurrence  and  growth 
of  various  species  of  plants  can  be  established.  Recent  studies  of  this 
type  have  been  conducted  by  Gast  (38),  Atkins  and  Poole  (3),  Atkins  and 
Stanbury  (4),  Atkins  (2),  Holch  (50),  and  Shirley  (96).  In  practically  all 
cases  maximum  growth  is  attained  in  full  sunlight.  Similar  studies  have 
shown  correlation  between  light  intensity  and  the  distribution  and 
growth  of  water  plants  (70,  87,  14). 

SUMMARY 

Solar  radiation  is  highly  variable  in  intensity  and  quality,  but  no 
artificial  source  of  radiation  gives  light  comparable  in  intensity  and  qual- 
ity with  midday  sunlight  in  summer.  In  studies  of  the  effects  of  radiation 
on  plants  it  is  important  to  have  as  careful  control  and  measure  of  the 
other  factors  affecting  plant  growth  as  it  is  possible  to  obtain. 

Since  green  plants  are  dependent  upon  light  for  the  synthesis  of  their 
food  supply,  any  attempt  to  cultivate  them  without  light,  or  in  light  of 
too  low  intensity  for  maximum  photosynthesis,  upsets  their  nutritional 
economy.  In  order  to  have  a  true  understanding  of  the  influence  of  light 
and  lack  of  light  on  plants,  it  is  necessary  to  distinguish  between  those 
effects  due  to  starvation  and  other  effects  caused  by  radiation. 

Plants  grow^n  without  light  have  attenuated  stems,  small  leaves  only 
partially  unfolded,  no  green  pigment,  and  only  weakly  differentiated 
tissue.  They  give  the  impression  of  plants  whose  development  has  been 
arrested.  Etiolated  stems,  particularly  the  apical  regions,  are  rich  in 
nitrogenous  compounds  and  relatively  poor  in  carbohydrates,  even 
when  ample  carbohydrates  may  still  be  available  in  the  seed  or  root. 
The  effect  of  light  on  etiolated  plants  depends  upon  the  quantity  of  light 
received,  and  is  local  in  its  action.  The  true  nature  of  etiolation  is  not 
fully  understood  but  it  is  probable  that  the  nutritional  disturbance, 
caused  by  the  impermeability  in  darkness  of  the  protein  and  fatty  sub- 
stances comprising  the  protoplasm  of  meristematic  tissue,  plays  a  domi- 
nant role  in  this  phenomenon. 

Light  has  a  very  pronounced  effect  upon  the  rate  of  elongation  of 
shoots  of  juvenile  plants.     When  etiolated  plants  are  exposed  to  light, 
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there  is,  during  the  first  few  minutes,  a  pronounced  increase  in  growth 
rate  followed  by  a  decrease  below  the  initial  rate.  Continuous  light 
causes  a  depression  in  growth  rate  which  later  on  tends  to  return  to 
normal.  It  shortens  the  period  of  elongation  and  causes  a  reduction  in 
total  length.  Exposure  to  darkness  after  continuous  illumination  causes 
at  first  an  increase  in  growth,  followed  by  a  return  to  the  initial  rate. 
Brief  exposures  to  light  induce  a  wave-formed  response  in  the  growth 
curve,  the  period  of  which  depends  upon  the  amount  of  light  to  which  the 
plant  is  exposed. 

In  low  intensities  of  normal  daily  duration,  plants  develop  chlorophyll 
and  the  leaves  unfold,  but  otherwise  they  present  the  appearance  of 
etiolated  plants,  viz.,  long  internodes,  weak,  succulent  stems,  vegetative 
growth  only,  poor  root  development,  and  thin  leaves  with  loosely  organ- 
ized, thin-walled  cells.  As  the  intensity  is  increased,  vegetative  growth 
increases  to  a  maximum  at  about  25  to  50  per  cent  of  normal  summer 
sunlight  of  temperate  regions.  The  plants  attain  maximum  height  and 
leaf  area.  The  leaves  are  still  comparatively  thin  and  flowering  is 
considerably  reduced.  Such  plants  contain  a  higher  percentage  of 
nitrogenous  compounds,  particularly  in  the  soluble  forms,  than  plants 
developed  under  full  sunlight.  A  further  increase  in  light  intensity  causes 
an  increase  in  dry  matter  but  a  decrease  in  height  and  leaf  area.  Maxi- 
mum fruitfulness  and  maximum  mechanical  and  water-condvicting  tissue 
usually  occur  at  about  the  same  light  intensity  as  maximum  dry  weight. 
Still  further  increases  upset  the  water  economy  and  often  the  iron  nutri- 
tion of  the  plant  and  result  in  local  injuries  to  leaves  or  even  in  some  cases 
death  through  excessive  heating. 

Transpiration,  the  osmotic  concentration  of  plant  sap,  and  alkalinity 
of  sap  increase  directly  with  light  intensity.  The  ash  content  per  plant — 
but  not  always  per  unit  dry  weight — increases  with  increasing  light 
intensity,  as  does  also  the  ability  of  the  plant  to  use  strong  ions. 

Light  favors  the  hardening  of  plants  against  cold,  provided  it  is 
accompanied  by  proper  temperature  conditions,  viz.,  warm  days  and  cold 
nights.  Light  also  favors  the  development  of  drought  resistance  in 
plants.  Both  of  these  effects  depend  to  a  considerable  extent  upon  the 
accumulation  of  a  carbohydrate  reserve. 

In  natural  habitats  many  factors  aside  from  light  affect  the  rate  of 
photosynthesis  and  the  growth  of  plants.  Frequently  plants,  especially 
in  desert  regions,  may  perform  their  entire  daily  photosynthesis  in  a  few 
morning  hours.  Therefore  it  is  difficult  to  study  the  minimum  light 
requirements  of  plants  in  natural  habitats.  Furthermore,  it  must  be 
borne  in  mind  that  a  plant,  to  maintain  itself  successfully  in  a  given 
habitat,  must  have  sufficient  light  not  only  to  enable  it  to  exist,  but 
sufficient  for  active  growth  and  for  the  accumulation  of  a  food  reserve 
for  withstanding  unfavorable  seasons  and  for  reproduction. 
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INTRODUCTION 

From  time  to  time  since  the  experiments  of  Tessier  (48),  studies  have 
been  made  of  plants  grown  under  colored  screens.  In  general,  the  earlier 
workers  were  more  interested  in  the  possible  use  of  colored  glass  for 
greenhouses  than  in  physiological  effects  of  radiation.  Consequently 
their  experiments  were  comparatively  crude.  Often  the  only  condition 
mentioned  in  their  reports  was  the  color  of  the  glass  used.  The  presence 
of  radiation  consisting  of  wave-lengths  other  than  those  of  the  color  of 
the  glass,  intensity  differences,  and  temperature  differences  were  often 
ignored,  yet  rather  extravagant  claims  were  often  made  for  a  particular 
color  of  glass.  As  a  striking  example  of  this  may  be  mentioned  a  paper  by 
Pleasanton  (32)  read  before  the  Philadelphia  Society  for  Promoting 
Agriculture,  entitled  "On  the  Influence  of  the  Blue  Color  of  the  Sky  in 
Developing  Animal  and  Vegetable  Life."  (Very  appropriately  this 
report  was  reprinted  on  blue  paper.)  Pleasanton  began  his  experiments 
with  grapes  in  1861,  in  a  greenhouse,  concerning  which  he  says:  "At  a 
venture  I  adopted  every  eighth  row  of  glass  on  the  roof  to  be  violet- 
colored,  alternating  the  rows  on  opposite  sides  of  the  roof,  so  that  the  sun 
in  its  daily  course  should  cast  a  beam  of  violet  light  on  every  leaf  in  the 
grapery."  No  other  conditions  of  radiation  are  given  and  no  controls 
were  used.  In  this  special  house  the  author  claims  to  have  produced 
grape  vines  which  in  five  months  were  45  ft.  long  and  1  in.  thick.  During 
the  second  year  these  vines  produced  about  1200  lb.  of  grapes  and  during 
the  third  year  2  tons,  whereas  grapes  not  so  treated,  according  to  the 
author,  normally  require  five  to  six  years  before  any  grapes  at  all  are 
produced. 

7f>3 


764  BIOLOGICAL  EFFECTS  OF  RADIATION 

Pleasanton's  results  with  grapes  led  him  to  experiment  further  with 
hogs  and  with  a  bull  calf,  with  both  of  which  equally  phenomenal  results 
were  obtained.     In  his  final  statement  he  says : 

"These,  gentlemen,  are  the  experiments  about  which  your  curiosity 
has  been  excited.  If  by  the  combination  of  sunlight  and  blue  light  from 
the  sky,  you  can  mature  quadrupeds  in  12  months  with  no  greater  supply 
of  food  than  would  be  used  for  an  immature  animal  in  the  same  period, 
you  can  scarcely  conceive  of  the  immeasurable  value  of  this  discovery  to 
an  agricultural  people !  ...  In  regard  to  the  human  family,  its  influence 
[i.e.,  blue  light]  would  be  widespread  .  .  .  you  could  not  only  in  the 
temperate  regions  produce  the  early  maturity  of  the  tropics,  but  you 
could  invigorate  the  constitutions  of  invalids  and  develop  in  the  young, 
a  generation,  physically  and  intellectually,  which  might  become  a  marvel 
to  mankind.  Architects  would  be  required  to  so  arrange  the  introduction 
of  these  mixed  rays  of  light  into  our  houses  that  the  occupants  might 
derive  the  greatest  benefit  from  their  influence.  Mankind  will  then  not 
only  be  able  to  live  fast,  but  they  can  live  well  and  also  live  long." 

If  "ultra-violet  radiation"  were  substituted  for  "blue  light"  in  this 
statement,  it  would  sound  not  unlike  many  of  the  more  recent  accounts 
of  "the  powerful  ultra-violet  ray." 

While  Pleasanton's  paper  is  undoubtedly  an  extreme  case,  it  does 
illustrate  the  inaccuracy  of  the  work  of  this  period.  It  is  not  surprising 
that  there  was  little  agreement  among  different  investigators  as  to  results 
obtained  with  glass  of  different  colors.  It  was  not  until  comparatively 
recently  that  improved  methods  of  making  glass  and  better  instruments 
for  measuring  and  controlling  radiation  made  it  possible  to  conduct  more 
exact  and  more  reliable  experiments. 

Except  for  a  few  outstanding  cases,  the  present  review  will  be 
restricted  to  the  more  recent  work  on  the  effect  of  different  regions  of  the 
visible  spectrum  on  seed  plants.  Since  the  relation  of  light  to  photo- 
synthesis, chlorophyll  development,  seed  germination,  enzymes,  and 
general  metabolism,  and  the  effect  of  radiation  on  lower  organisms  are 
being  considered  elsewhere  in  this  monograph,  they  will  in  general  be 
omitted  here.  This  discussion  will  center  around  growth  and  develop- 
ment, composition,  fresh  and  dry  weight,  miscellaneous  physiological 
effects,  and  reflection,  absorption,  and  transmission  of  radiation  by  leaves. 

GROWTH  AND  DEVELOPMENT 
GENERAL    STUDIES 

Pfeffer  (30)  summarizes  the  status  of  the  question  of  the  effect  of 
rays  of  different  wave-lengths  up  to  his  time  when  he  says : 

"Although  the  less  refrangible  rays  are  most  active  in  photosynthesis, 
it  is  the  more  refrangible  ones  (blue  to  ultra-violet)  which  exercise  the 
greatest  influence  upon  growth  and  upon  irritable  movements  or  curva- 
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tures.  Hence  the  shape  and  growth  of  a  well-nourished  plant  remain  the 
same  behind  a  solution  of  cupric  oxide  in  ammonia  as  in  somewhat  weak- 
ened white  light,  whereas  behind  a  solution  of  potassium  bichromate, 
which  allows  the  red  and  yellow  rays  to  pass,  but  cuts  off  the  blue  and 
ultra-violet  ones,  flowering  plants  turn  green,  but  otherwise  grow  as 
though  in  darkness  or  in  very  feeble  light." 

While  it  was  recognized  by  Pfeffer  and  many  others  that  the  red  end 
of  the  spectrum  had  an  etiolating  effect  on  plants,  many  of  the  earlier 
workers  interpreted  the  greater  height  or  stem  length  of  the  plants  under 
these  conditions  as  a  favorable  growth  effect  and  therefore  stated  that 
the  best  plants  were  produced  under  red  light.  Thus,  throughout  Flam- 
marion's  (12)  work  of  over  15  years,  he  repeatedly  reports  best  growth 
under  red  light,  although  he  himself  found  that  the  weight  of  plants  was 
usually  greater  under  clear  glass  than  under  any  other  type.  Flam- 
marion  grew  plants  in  hothouses  under  red,  green,  blue,  and  clear  glass, 
respectively.  Of  these,  the  red  glass  was  the  most  nearly  monochromatic. 
The  hothouses  were  ventilated  so  as  to  overcome  wide  differences  in 
temperature.  Even  when  an  attempt  was  made  to  equalize  intensities 
under  red  and  under  clear  glass,  red  light  produced  rnuch  taller  plants, 
but  with  thinner  stems  and  much  lower  in  weight.  Blue  light  always 
resulted  in  weak,  undeveloped  plants  of  very  low  weight,  probably  because 
of  the  low  quantity  of  radiant  energy  transmitted.  Flammarion  used 
many  kinds  of  plants  and  studied  also  effects  of  different  colors  of  light 
on  flowering,  fruiting,  coloration,  transpiration,  and  to  some  extent  on 
composition. 

Corbett  (7)  supplementing  daylight  with  green,  blue,  and  red  light  in  a 
greenhouse  at  night,  obtained  a  marked  stimulating  effect  of  red  light  on 
lettuce.  Green  and  blue  lights  were  not  stimulating.  It  is  not  possible 
in  this  work  to  separate  photoperiodic  effects  from  quality  effects  of  light. 
Teodoresco  (46),  Kraus  (22),  Vines  (52),  Hood  (17),  Zacharewicz  (55), 
Villon  (51)  and  others  conducted  experiments  with  colored  light  in  this 
early  period.  Without  going  further  into  the  details  of  their  work,  some 
of  which  was  very  extensive,  it  is  important  to  note  that  none  of  it  could 
be  absolutely  relied  upon  as  regards  effect  of  quality  of  light  on  growth 
because  of  the  constant  differences  in  total  radiation  intensity,  duration 
of  light,  temperature,  and  other  factors  that  were  not  taken  into  account. 

In  1918  Schanz  (37)  reported  the  first  of  a  series  of  experiments  in 
which  he  studied  the  effect  on  plants  of  withholding  from  them  definite 
regions  of  the  spectrum  in  the  blue-violet  end.  In  this  paper  he  tried  to 
prove  particularly  that  ultra-violet  radiation  influences  the  configuration 
of  plants  in  general,  by  checking  their  growth.  This  conclusion  was 
reached  by  comparing  the  height  of  plants  in  high  altitudes  with  that  of 
the  same  species  growing  in  lowlands,  and  also  by  growing  plants  in 
beds  covered  with  window  glass,  Euphos  glass,  and  red  glass,  respectively, 
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and  comparing  their  growth  with  that  of  plants  similarly  grown  in  the 
open.  With  all  the  species  he  used,  including  beans,  soy  beans,  begonias, 
heliotrope,  edelweiss,  rye,  oats,  potatoes,  and  others,  the  plants  were 
tallest  under  the  red  glass,  next  tallest  under  Euphos  glass,  and  shortest 
in  the  open.  In  other  words,  they  became  the  taller,  the  greater  the 
section  of  the  spectrum  that  was  cut  off  from  them  in  the  blue-violet 
end. 

The  following  year,  Schanz  (38)  gave  an  account  of  a  more  detailed 
investigation  in  which  his  experimental  plants  were  grown  in  eight  beds, 
each  receiving  a  different  kind  of  light.  In  the  first  five  of  these  beds  the 
range  of  wave-lengths  of  light,  transmitted  by  the  screens  used,  was 
gradually  decreased  from  the  ultra-violet  end  of  the  spectrum  toward  the 
red.  This  enabled  him  to  study  more  carefully  the  effect  on  plants  of 
light  from  which  greater  and  greater  regions  of  the  spectrum  were  elim- 
inated in  the  blue-violet  end.  In  the  last  three  beds  he  used  combinations 
of  colored  glasses  which  gave  predominating  colors  of  yellow,  green,  and 
blue-violet,  respectively.  The  characteristics  of  the  screens  used  in  the 
beds  are  given  in  Table  1. 

Table  1. — Screens  Used  by  Schanz 


Bed 

Screen 

Lower  limit  of 
transmission,  A 

Predominating 
color 

1 
2 
3 
4 
5 
6 

None 

Ordinary  window  glass 
Thin  Euphos  a  glass 
Thick  Euphos  h  glass 
Thick  red  glass 
Yellow  glass  +  Euphos  h 
Green  glass  +  Euphos  b 
Blue-violet  glass 

About  3000 
3200 
3800 
4200 
5600 

Clear 

Light  yellow 
Yellow 
Red 
Yellow 

7 

Green 

8 

Blue-violet 

Here  again  he  found  that  the  more  the  short  rays  were  cut  off  from 
the  plants,  the  taller  they  became.  Cucumbers,  Fuchsia,  chrysanthe- 
mums. Lobelia,  Begonia,  and  Oxalis  gradually  increased  in  height  from 
beds  1  to  5,  reaching  a  maximum  in  red,  and  fell  off  in  height  gradually 
from  beds  6  to  8.  Not  all  species  responded  in  the  same  manner  in  beds 
6  to  8.  Potatoes  and  beets  were  weakest  in  yellow  light  (bed  6),  a  little 
stronger  in  green  light  (bed  7),  and  still  larger  and  healthier  in  blue- 
violet  light  (bed  8).  Leaves  of  Petunia  were  surprisingly  large,  those  of 
Oxalis  esculenta,  surprisingly  small  in  the  green  light  of  bed  7. 

When  plants  were  set  out  in  the  open  from  the  different  beds,  the 
time  of  flowering  was  hastened  gradually,  and  the  number  of  flowers  and 
fruits  increased  from  beds  1  to  4.  That  is,  the  plants  that  had  been  grown 
in  the  absence  of  all  ultra-violet  and  some  of  the  violet  blossomed  first 
and  produced  the  greatest  number  of  flowers  and  fruit.     In  red,  yellow. 
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gveon,  and  bluo-violet  light  (beds  5  to  8)  the  number  of  flowers  was 
greatly  reduced  and  the  time  of  blooming  postponed. 

As  a  general  result  of  his  work,  Schanz  concluded  that  light  of  short 
wave-lengths,  particularly  the  ultra-violet  region,  was  detrimental  to  the 
growth  of  plants.  Hence  he  recommended  the  use  of  Euphos  glass  for 
greenhouses. 

Schanz's  work  was  in  some  respects  different  from  that  of  his  pred- 
ecessors, but  it  is  unfortunate  that  he  made  no  attempt  to  equalize 
intensities  in  the  different  beds  and  that  he  gave  no  accurate  information 
concerning  temperature  differences.  There  is  consequently  no  way  of 
differentiating  in  his  work  between  effects  of  quality  of  light  and  effects 
of  intensity.  Furthermore,  the  criterion  he  most  commonly  used  for 
best  growth  was  stature  of  plants,  which  has  since  then  been  shown  to  be 
v^ery  unreliable. 

In  1926,  Popp  (34)  reported  the  results  of  his  investigations,  in  which 
the  effect  of  different  regions  of  the  spectrum  was  studied  under  approxi- 
mately equal  intensities  of  radiation.  His  plants  were  grown  in  five 
small  greenhouses,  each  covered  with  a  special  type  of  glass.  The 
spectral  ranges  of  the  glasses  used  are  given  in  Table  2. 

Table  2. — Spectral  Limits  of  Glasses  Used  by  Popp 


House 

Glass  screen 

Spectral  range,  A, 
visible  and 
ultra-violet 

1 
2 
3 
4 
5 

Ordinary  greenhouse  glass 
Corning  G86B 
Corning  Noviol  "0" 
Corning  Noviol  "C" 
Corning  G34 

3120  to  7200 
2960  to  7200 
3890  to  7200 
4720  to  7200 
5290  to  7200 

The  intensity  of  radiation  in  house  2,  which  transmitted  practically 
all  wave-lengths  in  sunlight,  was  reduced,  by  means  of  tobacco  shading 
cloth,  to  a  value  intermediate  between  the  intensity  of  the  light  in  houses 
4  and  5.  Thus  it  was  possible  to  compare,  under  approximately  the 
.same  total  intensities,  plants  from  which  the  blue-violet  end  of  the 
spectrum  was  screened  out,  with  those  receiving  the  full  spectrum.  A 
wide  variety  of  plants  was  selected,  including  tobacco,  carrots,  tomatoes, 
buckwheat,  Sudan  grass,  soy  beans,  sunflowers,  petunias,  and 
four-o'clocks. 

Most  striking  results  were  obtained  in  house  5,  in  which  all  wave- 
lengths shorter  than  5290  A  were  eliminated.  The  plants  in  this  house  as 
compared  with  those  of  house  2  receiving  the  full  spectrum,  all  showed  a 
more  rapid  rate  of  elongation  during  the  first  two  to  three  weeks  of  growth. 
Soy  beans,  tomatoes,  four-o'clocks  and  Coleus  attained  the  greatest  final 
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height  in  this  house,  while  sunflowers,  buckwheat,  petunias,  and  Sudan 
grass  had  the  lowest  final  height.  The  soybeans  actually  became 
twiners.  All  stems,  however,  were  much  thinner  in  this  house  and  had 
fewer  branches.  The  leaves  were  curled  or  rolled,  and  both  stem  and 
leaf  tissues  were  poorly  differentiated,  having  thin-walled  cells  that 
were  less  compact  than  the  cells  of  leaves  and  stems  of  plants  receiving 
the  full  spectrum.  There  was  a  poor  development  of  vascular  tissue  and 
of  all  storage  organs.  Time  of  flowering  was  delayed  and  the  number  of 
flowers,  fruits,  and  seeds  greatly  reduced  in  house  5.  Fresh  and  dry 
weights  decreased  and  percentage  of  moisture  increased.  Chlorophyll 
developed  normally,  but  anthocyanin  development  was  greatly  reduced. 
There  were  also  important  changes  in  carbohydrates  and  in  nitrogen 
compounds. 

The  same  effects  were  produced  to  a  lesser  degree  in  house  4  which 
eliminated  all  wave-lengths  below  4720  A,  but  none  of  them  were 
produced  when  only  ultra-violet  radiation  was  eliminated  (house  3). 

The  effects  produced  by  eliminating  the  blue-violet  end  of  the  spec- 
trum were  similar  to  etiolation  produced  by  greatly  reduced  intensity. 
In  these  experiments,  however,  there  is  unquestionable  proof  that  this 
etiolation  was  produced  by  quality  of  light  rather  than  by  total  intensity. 
The  results  as  a  whole  indicated  clearly  that  the  blue-violet  end  of  the 
spectrum  is  necessary  for  normal,  vigorous  growth  of  plants.  They  also 
indicated  that  ultra-violet  radiation  is  not  necessary,  although  it  may  not 
be  without  influence.  Any  influence  it  may  have,  however,  is  rather  one 
of  checking  elongation  of  stems,  than  one  of  promoting  growth  in  length. 

Popp's  work  was  the  first  in  which  intensity  and  temperature  were 
sufficiently  controlled  to  enable  one  to  be  certain  that  the  effects  produced 
were  actually  effects  of  quality  of  light.  It  is  none  the  less  interesting 
that  his  work  does  to  some  extent  agree  with  the  earlier  findings,  namely, 
that  the  red  end  of  the  spectrum  promotes  stem  elongation,  while  the 
blue-violet  end  checks  it.  However,  the  stems  produced  in  the  presence 
of  blue-violet  rays,  while  they  may  be  shorter,  are  much  heavier  and  actu- 
ally represent  more  growth  in  weight.  This  latter  fact  was  generally 
overlooked  by  the  earlier  workers. 

Popp,  in  his  work,  considered  the  possibility  of  growing  some  plants 
under  blue-violet  light  in  the  absence  of  the  red  end  of  the  spectrum. 
This  was  not  done,  however,  because  it  was  impossible  to  obtain  a  screen 
which  would  eliminate  the  red  end  of  the  spectrum  and  at  the  same  time 
transmit  sufficient  total  energy  to  satisfy  the  needs  of  the  plant.  Later, 
Shirley  (43),  working  in  the  same  houses  Popp  used,  did  use  in  one  of  the 
houses  a  blue  glass  (Corning  G403  ED)  which  transmitted  wave-lengths 
between  3740  and  5850  A.  This  glass,  however,  transmitted  only 
about  10  per  cent  of  the  total  energy  of  sunlight;  hence  he  had  to  cut  down 
the  intensity  of  all  houses  to  this  low  figure  to  get  comparable  results. 
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Under  those  conditions  the  bhie-violet  end  of  the  spectrum  proved  to  be 
somewhat  more  efficient  in  dry-weight  production  of  plants  than  the  red 
end,  but  not  nearly  so  efficient  as  the  full  spectrum  under  the  same  total 
intensity.  The  plants  in  the  blue  house  were  somewhat  stunted,  having 
very  short  internodes,  but  sturdy  stems.  The  blue  end  of  the  spectrum, 
therefore,  seemed  to  be  more  efficient  in  producing  a  plant  of  normal 
stature  and  growth  than  did  the  red  end,  when  only  10  per  cent  of  the 
total  intensity  of  daylight  was  transmitted  by  each.  What  would  happen 
if  plants  could  be  supplied  with  light  consisting  exclusively  of  the  blue- 
violet  end  of  the  spectrum  at  an  intensity  comparable  to  that  of  daylight 
has  never  been  determined.  At  the  present  time  no  satisfactory  method 
is  available  for  attacking  this  problem. 

Shirley  (43)  also  grew  plants  under  approximately  the  same  conditions 
Popp  used  and  arrived  at  practically  the  same  results. 

Pfeiffer  (31)  studied  anatomically  stems  and  leaves  of  plants  grown  in 
the  different  houses  used  by  Popp  and  Shirley.  Unfortunately,  the 
intensities  of  radiation  were  not  equalized  in  the  different  houses  and 
hence,  except  for  the  two  houses  in  which  intensities  were  about  the  same, 
namely,  the  one  covered  with  Noviol  "O"  which  eliminates  only  ultra- 
violet, and  the  full-spectrum  house,  there  is  no  way  of  differentiating  in 
her  work,  as  she  herself  points  out,  between  intensity  effects  and  quality 
effects.  She  did,  however,  find  the  same  lack  of  differentiation  of  tissues 
and  weaker  development  of  stem  and  leaf  tissues  when  the  blue-violet 
end  of  the  spectrum  was  eliminated,  as  has  been  mentioned  previously. 
Vascular  development  was  always  best  in  the  full  spectrum.  When  only 
ultra-violet  radiation  was  eliminated,  stems  and  leaves  of  four-o'clocks, 
sunflowers,  and  soy  beans  were  somewhat  thinner,  and  perhaps  somewhat 
weaker  in  vascular  development. 

Teodoresco  (47)  also  states  that  plants  developing  under  red-orange 
light  show  a  growth  comparable  to  that  in  darkness,  while  plants  exposed 
to  blue-violet  light  resemble  those  developed  in  white  light,  even  though 
grown  under  lower  total  intensities.  Blue  light,  according  to  him,  retards 
growth  in  length  of  stems  and  petioles  but  favors  growth  in  surface  and  in 
thickness  of  leaves.  An  exception  to  this  was  found  in  Menispermum 
Cocculus,  the  petioles  of  which  were  shorter  in  red  light  and  in  darkness 
than  in  blue  light  or  white  light.  He  also  found  that  more  internodes  are 
developed  in  red  light  and  in  darkness  than  in  blue  light  or  white  light. 
In  general,  his  results  on  the  higher  plants  agree  with  those  of  Popp  and 
Shirley.  Much  of  his  work  was  with  Bryophytes  and  is  therefore  outside 
the  scope  of  this  review. 

Funke  (13)  has  also  published  a  rather  extensive  paper  on  the  effect  of 
light  of  different  wave-lengths  on  the  growth  of  plants.  He  worked 
chiefly  with  water  plants  and  moor  plants.  While,  after  a  fashion,  he 
does  give  the  transmissions  of  the  screens  he  used  (gray,  red,  green,  and 
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blue  glass,  respectively),  his  plants  were  grown  in  small  cupboards  under 
one-sided  illumination  from  the  north  through  a  plate  glass,  the  trans- 
mission of  which  is  not  given.  Probably  all  of  the  plants  suffered  from 
want  of  light.  Hence,  there  is  no  accurate  way  of  evaluating  results 
under  the  different  screens.  If  the  results  can  be  relied  upon  at  all, 
apparently  water  and  moor  plants  respond  to  the  different  regions  of  the 
spectrum  in  the  same  way  as  do  other  higher  plants. 

Hibben  (15)  studied  the  effect  of  different  regions  of  the  spectrum  by 
using  an  artificial  light  source.  Most  of  the  other  investigators  have  not 
attempted  this  because,  except  on  a  very  small  scale,  it  is  not  possible 
to  provide  an  artificial  light  source  which  will  have  a  sufficient  intensity, 
after  it  passes  through  colored  glasses,  to  satisfy  the  needs  of  plants  for 
normal  growth.  The  artificial  sources  used  by  Hibben  consisted  of 
Mazda  lamps  and  a  480-watt  mercury  vapor  "M"  tube.  The  plants 
were  grown  in  small  compartments.  The  illumination  intensity  in 
the  compartments  in  which  Mazda  lamps  were  used  is  given  by  Hibben 
as  350  foot-candles,  that  in  the  mercury-vapor-lamp  compartment  as 
150  foot-candles.  Both  these  intensities  are  so  far  below  the  intensity 
of  daylight,  even  in  February  and  March,  the  time  at  which  his  experi- 
ments were  carried  out,  that  it  is  not  surprising  that  Hibben  found 
that  his  experimental  plants  often  became  taller  than  those  in  an  ordi- 
nary greenhouse.  The  criterion  for  growth  was  exclusively  height 
of  plants.  Furthermore,  the  tests  were  continued  for  only  20  days, 
which  is  not  long  enough  for  the  plants  to  have  become  independent 
of  the  stored  food  reserves  in  the  seed.  The  filters  used  by  Hibben 
were  all  Corning  glasses.  G-38  transmitted  wave-lengths  down  to 
4500  A;  G-124J  transmitted  down  to  about  3400  A  and  was  opaque 
to  some  of  the  infra-red ;  and  G-584  transmitted  between  3400  and  6500  A. 
Of  these  three,  the  G-38  glass,  which  eliminated  violet  and  ultra-violet, 
gave  the  tallest  plants  in  the  cases  of  corn,  beans,  geraniums,  nastur- 
tiums, and  marigolds,  and  the  G-584,  bluish-green  glass,  usually  gave 
the  shortest.     Plants  under  the  mercury-vapor  lamps  were  unhealthy. 

Hibben  states  that  the  speed  of  growth  of  plants  grown  under 
unscreened  Mazda  lamps  and  500  foot-candles  intensity  was  about 
double  that  of  plants  in  the  greenhouse  receiving  daylight.  While 
this  is  probably  partly  an  intensity  effect,  it  is  also  probably  caused  in 
l)art  by  the  deficiency  of  blue-violet  radiation  in  the  Mazda  lamps. 
Hence  this  greater  elongation  is  similar  to  what  results  when  plants 
receive  daylight  screened  through  a  glass  that  eliminates  blue-violet 
radiation.  It  should,  of  course,  be  emphasized  that  an  increased  rate 
of  elongation  usually  means  a  decreased  dry  weight  and  a  less  sturdy 
plant. 

Many  other  workers  have  grown  plants  entirely  under  artificial 
lights.     The  most  extensive  experiments  have  been  carried  out  at  the 


EFFECTS  OF  REGIONS  OF  VISIBLE  SPECTRUM  771 

Boyce  Thompson  Institute.  Arthur  el  al.  (2)  in  some  of  their  experiments 
increased  the  intensity  of  the  bhie-violet  end  of  the  spectrum  by  using 
carbon  arcs  or  mercury-vapor  arcs  in  combination  with  Mazda  lamps. 
Such  a  combination  gives  a  type  of  radiation  more  nearly  Uke  the  quaUty 
of  dayhght. 

EFFECTS    OF    DIFFERENT    REGIONS    OF    THE    SPECTRUM    ON    FRESH 
AND    DRY    WEIGHT    OF    PLANTS    AND    ON    CHEMICAL    COMPOSITION 

In  the  previous  section  on  growth  and  development,  little  was  said 
concerning  fresh  and  dry  weight  of  plants  because  many  of  the  investi- 
gators did  not  use  such  data  as  a  basis  for  measuring  growth.  In  the 
final  analysis,  weight  increase  is  often  a  better  measure  of  growth  than 
is  height.  Very  often,  when  the  earlier  investigators  did  furnish  data 
on  weight  and  composition,  the  results  could  not  be  depended  upon 
because  of  poorly  controlled  conditions.  It  may,  none  the  less,  be 
interesting  to  note  some  of  their  results  and  to  compare  them  with  later 
work. 

Flammarion  (12)  in  his  studies  did  observe  that,  although  plants 
grown  under  red  light  were  taller,  they  were  always  lower  in  weight 
than  those  grown  under  clear  glass.  His  plants  grown  under  blue  glass 
were  always  not  only  stunted,  but  also  much  lower  in  weight.  Here, 
however,  the  principal  cause  was  probably  greatly  reduced  intensity. 
Lubimenko  (24),  on  the  other  hand,  found  that  the  blue  and  violet  rays 
were  more  favorable  to  the  accumulation  of  dry  substance  than  the  red 
ones.  This  is  in  accord  with  the  later  and  more  accurately  controlled 
experiments  of  Popp  (34)  and  Shirley  (43)  which  will  be  considered 
presently. 

Among  the  other  workers  who  have  emphasized  weight  and  com- 
position may  be  mentioned  the  following:  Dumont  (10,  11),  Bassalik  (3), 
Canals  (6),  and  Hosterman  (18).  Dumont  covered  equal  areas  of  wheat 
already  in  full  flower  with  frames  containing  black,  clear,  red,  green,  and 
blue  glasses,  respectively.  The  plants  were  kept  covered  until  the 
grain  ripened.  Determinations  of  various  nitrogenous  substances  in 
the  grain  and  the  heads  indicated  that  those  ripened  under  the  red  glass 
were  lowest  in  nitrogen  content.  The  author  concluded  that  the  more 
refrangible  rays  of  the  visible  spectrum  promoted  translocation  of 
nitrogenous  materials  to  the  ripening  grain  and  favored  the  formation 
of  albuminoids.  Bassalik  found  a  higher  content  of  oxalic  acid  in 
Rumex  acetosa  in  red  light  than  in  blue  light,  but  both  red  and  blue 
gave  lower  values  than  white  light.  Canals  found  that  the  essential 
oil,  thymol,  was  more  abundant  in  Thymus  vulgaris  grown  under  blue 
glass  than  under  red  glass,  but  not  so  abundant  as  that  grown  under 
white  glass  or  in  the  open  air.  Hosterman  reported  increased  numbers 
and  weight  of  cucumbers  grown  in  sunlight  supplemented  by  the  red 
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light  of  a  neon  lamp.  None  of  these  workers  has  given  sufficient  data 
concerning  the  light  conditions  operating  to  enable  one  properly  to 
evaluate  the  results  with  respect  to  quality  of  light. 

Special  emphasis  was  given  to  determinations  of  fresh  and  dry 
weight  and  chemical  composition  in  the  experiments  of  Popp  (34^) 
already  referred  to.  In  general,  when  wave-lengths  shorter  than  5290  A 
were  eliminated  (house  5),  the  most  marked  differences  occurred  in 
fresh  weight,  dry  weight,  and  composition.  Reductions  in  absolute 
amounts  of  all  substances  were  more  marked  than  differences  in  the 
relative  percentages  of  constituents  determined  by  analysis.  A  con- 
siderable decrease  in  the  amount  of  starch  and  total  carbohydrates 
was  noted  for  most  plants,  and  an  increase  in  the  amount  of  total  nitro- 
gen. In  both  stems  and  leaves  of  tobacco  plants  and  in  entire  tops  of 
sunflower  plants,  total  soluble  nitrogen  was  highest  in  houses  4  and  5, 
that  is,  in  the  absence  of  the  blue- violet  end  of  the  spectrum. 

Almost  without  exception  the  fresh  weight  and  the  dry  weight  of 
the  plants  as  a  whole,  or  of  any  part  of  the  plants,  were  lowest  in  houses 
4  and  5.  With  the  exception  of  soy  beans,  the  percentage  of  moisture 
in  the  plants  in  these  two  houses  was  greater  than  that  of  the  plants  in 
the  other  houses.  The  difference  in  soy  beans  was  due  to  their  greater 
maturity.  Carrots,  petunias,  sunflowers,  and  Coleus  had  the  greatest 
fresh  weight  in  house  3  which  eliminated  only  ultra-violet,  while  tobacco, 
four-o'clocks,  tomatoes,  and  Sudan  grass  had  the  greatest  fresh  weight 
in  the  full-spectrum  house — house  2.  On  the  basis  of  dry  weight, 
the  amount  of  growth  made  in  all  plants  when  the  blue-violet  end  was 
eliminated  was  decidedly  less  in  spite  of  the  fact  that  the  total  intensity 
under  these  conditions  was  little  different  from  that  of  the  full-spectrum 
house. 

Shirley  (43)  calculated,  from  Popp's  data,  the  dry  weights  which 
the  plants  would  have  attained  if  they  had  been  grown  under  100  per  cent 
light  intensity,  and  from  this  the  dry  weight  per  unit  intensity  for  the 
various  regions  of  the  spectrum.  From  this  he  concluded  that  plants 
grown  under  the  complete  solar  spectrum  had  the  advantage  over  the 
others,  that  is,  that  the  plants  receiving  the  full  spectrum  produced  a 
greater  dry  weight  per  unit  intensity  than  did  the  plants  in  any  other 
house.  This  calculation  and  conclusion,  however,  are  based  on  the  false 
assumption  that  the  rate  of  increase  in  dry  weight  would  remain  directly 
proportional  to  intensity  up  to  100  per  cent,  or  full  intensity.  There  is 
no  justification  for  this  assumption,  since  full  daylight  intensity  is  prob- 
ably considerably  above  the  maximum  for  dry-weight  production  in 
plants.  Shirley  himself  reports  in  the  same  paper,  from  his  own  intensity 
studies,  "At  low  light  intensities  the  dry  weight  produced  by  the  plants 
studied  is  almost  directly  proportional  to  the  intensity  received  up  to 
about  20  per  cent  of  full  summer  sunlight.     At  higher  intensities  the 
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shape  of  the  curve  falls  off,  shade  plants  showing  a  decrease  at  lower 
mtensities  than  sun  plants."  Since  the  intensities  in  Popp's  houses  were 
in  the  neighborhood  of  50  per  cent  of  full  daylight  intensity,  it  is  likely 
that  greater  intensities  would  have  resulted  in  very  little  increased 
dry  weight. 

Shirley  determmed  the  dry  weights  of  plants  grown  in  the  houses 
used  by  Popp  but  with  only  10  per  cent  of  the  total  daylight  intensity 
and  with  the  substitution  of  a  blue  glass  already  mentioned,  for  the 
window  glass  used  by  Popp,  and  Corex  glass  for  G-86B.  Under  these 
conditions  he  found  that  the  entire  spectrum  (plants  grown  under  Corex 
glass)  was  more  efficient  for  the  production  of  dry  matter  than  any 
of  the  other  qualities  used.  The  lowest  dry  weights  were  uniformly 
produced  in  the  houses  from  which  the  blue-violet  end  of  the  spectrum  was 
eliminated.  The  blue  end  of  the  spectrum,  according  to  his  results, 
was  somewhat  more  efl&cient  in  dry  weight  production  than  was  the  red 
end  of  the  spectrum. 

MISCELLANEOUS  PHYSIOLOGICAL  EFFECTS  OF  DIFFERENT  REGIONS  OF 

THE  SPECTRUM 

While  it  is  likely  that  different  regions  of  the  visible  spectrum  may 
affect  differently  the  various  physiological  processes  of  the  leaf,  and  of 
the  plant  as  a  whole,  very  little  accurate  information  on  this  subject 
is  available,  except  with  regard  to  chlorophyll  development  and  photo- 
synthesis, both  of  which  are  considered  elsewhere  in  this  monograph.  A 
few  remarks  may  be  made  concerning  the  effect  of  quality  of  light  on 
transpiration,  stomatal  movement,  anthocyanin  formation  and  absorp- 
tion of  inorganic  substances. 

EFFECT  OF  DIFFERENT  PARTS  OF  THE  SPECTRUM  ON  TRANSPIRATION 

Since  the  rate  of  transpiration  is  so  variable  a  quantity  and  is  condi- 
tioned by  a  whole  series  of  interrelated  internal  and  external  factors, 
many  of  which  are  beyond  the  control  of  the  investigator,  it  is  difficult 
to  obtain  a  knowledge  of  the  effect  of  any  one  factor.  Arriving  at  con- 
clusions concerning  the  effect  of  light  quality  on  transpiration  is  attended 
with  particular  difficulty,  since  experiments  with  known  light-quality 
differences  as  the  only  variable  or  even  the  chief  variable  have  been 
rare. 

The  literature  on  the  subject  is  not  voluminous.  It  is  assembled  and 
summarized,  although  perhaps  not  entirely  properly  evaluated,  in  the 
monograph  of  Burgerstein  (5).  Sachs  in  his  lectures  on  plant  physiology 
and  in  the  second  English  edition  of  his  textbook  considers  the  status 
of  the  problem  up  to  his  time.  The  conclusion  reached  by  Sachs,  that 
we  are  still  in  doubt  as  to  whether  radiation  as  such,  independently  of 
the  higher  temperature  caused  by  it,  influences  transpiration,  is  still 
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valid  today.  Deherain  (9),  whose  work  did  not  convince  Sachs,  con- 
cluded that  light,  not  heat,  determined  transpiration,  and  that  the 
optically  brightest  part  of  the  sun's  spectrum,  that  is,  the  red  and  yellow 
portions,  caused  the  greatest  rate  of  transpiration.  Flammarion  (12) 
obtained  maximum  transpiration  in  the  orange-yellow  region  and  mini- 
mum rate  in  the  violet.  On  the  other  hand,  Wiesner  (54)  advanced  the 
idea  that  the  visible  portions  of  the  spectrum  which  have  the  greatest 
influence  on  transpiration  are  those  corresponding  to  the  absorption 
bands  of  chlorophyll  and  that  the  most  effective  wave-lengths,  therefore, 
are  not  the  optically  brightest  ones,  but  the  blue  and  red  ones.  The  blue 
region  was  more  effective  than  the  red.  Yellow,  and  especially  green 
light,  he  found  to  be  least  effective.  Moreover,  he  attributed  the 
influence  of  light  on  transpiration  principally  to  its  heating  effect. 
Wiesner's  conclusions  were  essentially  upheld  by  a  number  of  investi- 
gators who  followed,  including  Henslow  (14).  In  none  of  these  investiga- 
tions were  light  intensities  satisfactorily  equalized.  In  many  cases  the 
filters  used  were  not  spectroscopically  pure.  Precautions  were  not  taken 
to  avoid  heating  effects  independent  of  the  radiation  under  consideration. 
The  sunlight  source  generally  used  was  a  variable  quantity. 

A  more  recent  investigation  in  which  an  attempt  was  made  to 
correct  some  of  the  errors  in  method  and  assumption  of  the  earliest 
workers,  particularly  those  of  Wiesner  and  his  supporters,  is  that 
of  Iwanoff  and  Thielmann  (19).  In  most  of  their  experiments  they 
used  an  arc  light  source  behind  a  ferrous-sulfate  solution,  used  to  absorb 
infra-red  radiation,  and  two  color  filters.  One  of  these,  a  copper  ammo- 
nium sulfate  solution  transmitted  up  to  wave-length  5350  A ;  the  other,  a 
potassium  bichromate  solution,  transmitted  down  to  5500  A.  Since 
they  had  no  means  of  measuring  the  light  energy  actually  absorbed  by 
their  experimental  objects,  the  authors  determined  by  means  of  a  thermo- 
pile and  galvonometer  the  relative  total  incident  energy  and  equalized 
the  total  intensities  of  the  light  energy  falling  on  the  leaves  by  regulating 
the  distance  from  the  light  source  to  them.  A  great  many  experiments 
were  performed  with  detached  leaves  of  Cyperus  alternifolius,  Libertia 
formosa,  and  Bromus  inermis.  Potted  plants  of  Cyperus  were  also  used. 
Transpiration  rates  were  determined  by  taking  several  readings  (loss 
in  weight)  at  10-,  15-,  or  30-min.  intervals  for  each  specimen  under  each 
condition.  The  readings  represented  amounts  transpired  for  short 
periods  only,  of  about  10  min.  duration,  since  the  rate  was  found  to 
decrease  more  or  less  under  constant  external  conditions,  as  time  went 
on. 

The  results  showed  that  when  leaves  or  potted  plants  were  transferred 
from  red-yellow  to  blue-violet  light  of  approximately  equal  intensity, 
they  always  showed  a  more  or  less  marked  increase  in  rate  of  transpira- 
tion, while  if  they  were  transferred  from  blue-violet  to  red-yellow  light, 
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the  reverse  was  true.  After  adjustment  had  been  made  following  a 
transfer  from  one  light  condition  to  another  the  difference  in  rate  in  the 
blue  as  compared  with  the  red  end  was  never  less  than  20  per  cent  and 
sometimes  as  great  as  50  to  60  per  cent  in  potted  plants  of  Cyperus.  If 
leaves  were  used  which  had  just  been  killed  by  immersion  in  boiling  water 
for  5  min.,  change  from  one  region  of  the  spectrum  to  another  did  not 
influence  the  rate  of  water  loss. 

From  these  results,  obtained  under  better  controlled  conditions, 
Iwanoff  and  Thielmann  conclude  with  Wiesner  and  his  supporters  that 
the  blue-violet  end  of  the  spectrum  causes  a  greater  rate  of  transpiration 
than  does  the  red  end.  However,  they  do  not  believe  that  the  explana- 
tion of  this  is  the  greater  absorption  of  this  region  of  the  spectrum  by 
chlorophyll,  nor  that  the  transformation  of  this  into  heat  energy  is  the 
explanation  of  the  increased  rate  of  transpiration.  From  their  experi- 
ments with  recently  killed  green  leaves,  the  rate  of  water  loss  from  which 
was  not  altered  by  a  change  in  light  quality,  they  conclude  that  increased 
transpiration  in  the  blue-violet  region  of  the  spectrum  must  be  a  function 
of  the  living  protoplasm  and  not  a  result  of  increased  evaporation  due  to 
the  availability  of  more  heat  energy.  In  other  words,  they  believe  that 
light  quality  does  affect  the  rate  of  transpiration,  and  this  because  it  has  a 
physiological  rather  than  a  physical  effect  on  the  rate  of  water  loss. 
It  is  suggested  that  the  effect  of  the  blue-violet  region  on  the  degree  of 
stomatal  opening  or  upon  permeability  of  protoplasm  might  explain  or 
help  to  explain  its  effect.  The  meager  evidence  to  date  on  either  of 
these  points  is  inconclusive.  Sierp's  (45)  work,  considered  in  the  section 
on  stomata,  supports  their  first  assumption. 

On  the  other  hand,  the  general  agreement  among  different  investi- 
gators that  green  leaves  have  a  higher  percentage  absorption  of  radiation 
in  the  blue-violet  end  of  the  spectrum  w^ould  tend  to  support  a  physical 
interpretation.  Furthermore,  such  absorption  may  be  conditioned  by 
the  chlorophyll  content  of  the  leaf.  It  is  not  surprising  that  the  rate  of 
water  loss  from  a  living  leaf  is  different  from  that  of  a  dead  leaf,  yet  this 
fact  by  itself  does  not  necessarily  prove  that  the  effect  of  radiation  on 
transpiration  is  primarily  a  physiological  one. 

EFFECT    OF   QUALITY    OF    LIGHT    ON    STOMATA 

A  number  of  investigators  have  attempted  to  determine  the  effect 
of  different  parts  of  the  spectrum  on  the  movement  of  stomata.  Among 
these  may  be  mentioned  Kohl  (21),  Darwin  (8),  Lloyd  (23),  Sayre  (35), 
and  Sierp  (45). 

Kohl  (21)  found  that  stomata  were  widest  open  in  the  red  end  of  the 
spectrum  between  lines  B  and  C  and  that  a  second  maximum,  less  pro- 
nounced, occurred  between  line  F  and  the  lower  limit  of  the  visible  region. 
Yellow,  green,  infra-red,  and  ultra-violet  exerted  essentially  no  influence 
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on  stomatal  opening.  Darwin's  experiments  (8)  also  brought  out  the 
marked  influence  of  the  red  end,  but  he  could  obtain  no  secondary  maxi- 
mum in  the  other  end  of  the  spectrum.  Lloyd  (23)  used,  instead  of  a 
spectroscope,  as  Kohl  and  Darwin  had  done,  two  color  filters,  to  obtain 
different  spectral  regions.  The  first,  a  bichromate  solution,  transmitted 
the  region  between  5400  A  and  7000  A;  the  second,  a  copper  ammonium 

~  o 

sulfate  solution,  transmitted  the  region  between  4800  and  4200  A. 
Stomata  opened  behind  both  filters,  but  the  influence  of  the  red  part  of 
the  spectrum  was  stronger  than  that  of  the  blue.  More  recently  Sayre 
(35)  has  carried  out  a  more  extensive  investigation  with  more  accurately 
recorded  light  conditions.  He  used,  with  a  sunlight  source,  eleven  Com- 
ing glass  filters  transmitting  various  regions  of  the  visible,  ultra-violet, 
and  infra-red.  He  found  that  stomata  did  not  open  in  wave-lengths 
longer  than  6900  A  but  could  not  determine  the  exact  limit  of  effectiveness 
in  the  blue-violet  end  of  the  spectrum,  as  light  intensity  became  the 
limiting  factor.  Other  regions  of  the  visible  transmitted  by  his  filters 
seemed  equally  effective.  He  used  no  filters,  however,  which  transmitted 
only  the  green  and  yellow  regions.  In  no  one  of  the  investigations 
mentioned  above  was  the  intensity  of  radiation  falling  on  the  stomata 
controlled  or  measured.  Hence,  while  we  may  assume  from  these 
investigations  that  stomata  will  open  in  either  the  blue  or  the  red  end  of 
the  spectrum,  they  do  not  give  sufficient  data  to  enable  us  to  determine 
the  relative  effectiveness  of  the  two  regions. 

Information  on  this  subject  has  been  supplied  by  the  recent  work 
of  Sierp  (45)  who  has  carried  out  a  very  careful  investigation  on  the 
opening  of  stomata  in  different  regions  of  the  visible  spectrum.  Great 
precautions  were  taken  not  only  with  the  photometric  methods  but  also 
with  the  choice  and  treatment  of  experimental  material.  The  light 
source  was  a  "Kinobox"  lamp,  500  watt,  110  volt.  Radiation  from  it 
passed  through  a  1-cm.  layer  of  6  per  cent  CuSOi  and  then  through  one 
of  five  filters  (Schott  und  Gen.),  before  entering  a  small  circular  opening 
in  the  experimental  chamber.  The  CUSO4  layer  absorbed  most  of  the 
infra-red,  and  the  filters  each  transmitted  a  different  region  of  the 
visible  spectrum.  The  maximum  transmission  of  energy  through  the  blue 
filter  occurred  at  wave-length  4360  A.  For  the  green  fijter  the  maximum 
transmission  point  was  5090  A;  for  the  yellow,  5460  A;  for  the  orange- 
yellow,  5780  A ;  and  for  the  red,  6440  A.  The  total  energy  actually  falling 
on  the  stomata  under  observation  was  measured  by  means  of  a  Moll 
thermopile.  With  the  blue  filter,  which  was  the  least  transparent 
one,  in  one  series  of  experiments,  this  total  energy  was  found  to  be 
0.095  cal./cm.Vmin.  Hence  the  total  energy  transmitted  by  the  other 
more  transparent  filters  was  cut  down,  by  the  insertion  of  photographic 
plates  in  the  path  of  the  light,  to  that  of  the  blue  filter.  In  another  series, 
the  total  energy  in  all  cases  was  equalized  to  0.056  cal./cm.Vmin.,  which 


EFFECTS  OF  REGIONS  OF  VISIBLE  SPECTRUM  777 

represented  the  amount  transmitted  by  the  red  filter.  By  these  means 
radiation  which  differed  in  Hght  quaUty  but  not  in  total  energy,  reached 
the  stomata. 

Observations  were  made  on  the  stomata  of  the  under  surface  of  living 
leaves  of  potted  plants  of  Helianthus  annuus.  The  leaves,  without  being 
detached  from  the  plant,  were  clamped  lower  surface  uppermost  on  a 
microscope  stage.  Instead  of  comparing  average  measurements  on  a 
given  number  of  stomata  under  each  of  several  different  spectral  ranges, 
as  previous  workers  had  done,  Sierp  selected  certain  stomata  for  obser- 
vation and  followed  the  behavior  of  each  stoma  as  an  individual  through- 
out an  experiment.  This  procedure  was  adopted  because  of  the  extreme 
degree  of  variability  of  stomatal  behavior  not  only  in  different  leaves  but 
in  the  same  leaf,  under  apparently  similar  conditions.  A  selected  stoma 
was  illuminated  for  a  period  of  about  4  hr.  during  the  morning  of  three 
successive  days.  On  the  first  and  third  day  the  same  hght  filter  was  used; 
on  the  second  day,  a  different  one.  Otherwise  the  stoma  was  kept  in 
darkness.  During  the  periods  of  illumination,  measurements  of  the 
width  of  stomatal  aperture  were  made  at  10-min.  intervals  by  means  of  an 
ocular  micrometer.     These  measurements  were  plotted  against  time. 

Under  these  conditions  blue,  green,  yellow,  and  orange-yellow  light 
of  equal  intensities  were  found  to  be  equally  effective  in  causing  stomata 
to  open.  However,  stomata  opened  much  more  slowly  in  red  light  than 
in  blue  light  of  the  same  intensity,  and  the  relation  of  the  final  width 
of  the  openings  was  as  100:60.  Thus,  contrary  to  the  conclusions  of  all 
previous  workers,  who  had  reported  either  that  the  red  end  of  the  spec- 
trum was  more  effective  than  the  blue  end  or  that  one  region  of  the 
visible  was  as  effective  as  another,  Sierp  found  blue  light  much  more 
effective  than  red.  On  the  basis  of  these  results  he  suggests  that  the 
lower  rate  of  transpiration  in  the  red  as  compared  with  the  blue 
end  of  the  visible  region,  as  obtained  by  Iwanoff  and  Thielmann,  might 
be  explained  by  the  failure  of  the  stomata  to  open  as  wide  in  red  light  as 
in  blue  light. 

Sierp,  like  Sayre  (35)  and  others,  also  found  that  stomata  remained 
closed  under  infra-red  radiation. 

ANTHOCYANIN    FORMATION    IN    DIFFERENT    PARTS    OF    THE    SPECTRUM 

A  relationship  between  quality  of  radiation  and  the  development  of 
anthocyanin  has  been  suggested  by  a  number  of  investigators.  In 
general  the  blue  end  of  the  visible  region,  the  region  of  the  ultra-violet 
immediately  beyond  this  down  to  2900  A,  or  both  have  been  associated 
with  its  formation.  The  lower  limit  of  effective  radiation  has  never  been 
definitely  established,  but  it  may  very  well  be  beyond  the  shortest 
visible  rays.  Ultra-violet  effects  have  not  as  yet  been  clearly  separated 
from  violet  and  blue  visible  effects. 
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Schanz  (38)  observed  that  flowers  became  paler  in  color  the  more 
the  blue-violet  end  of  the  spectrum  was  reduced.  Best  flower  color,  where 
this  color  was  caused  by  anthocyanin,  always  occurred  in  the  open.  In 
leaves  in  which  there  is  an  epidermal  layer  of  anthocyanin,  as  in  a 
reddish-colored  lettuce,  anthocyanin  development  was  somewhat  checked 
under  window  glass  and  failed  to  develop  altogether  when  wave-lengths 
shorter  than  3800  A  were  ehminated.  In  his  beds  3  to  8,  inclusive,  this 
lettuce  became  fully  green.  Red  beets  showed  a  somewhat  similar  effect, 
but  the  petioles  remained  red  in  all  beds.  Begonia  leaves  became  fully 
green  in  beds  4  to  8.  When  any  of  these  plants  were  transplanted  to 
the  open,  they  immediately  developed  anthocyanin.  From  this  Schanz 
concluded  that  ultra-violet  radiation  was  necessary  for  the  development 
of  anthocyanin  in  such  plants.  In  Popp's  (34)  work  the  greatest  reduc- 
tion in  anthocyanin  development  occurred  when  not  only  the  ultra-violet, 
but  also  the  violet  and  the  blue  were  eliminated.  From  the  fact  that  some 
plants  develop  anthocyanin  in  the  dark,  it  is  obvious  that  light  is  not 
absolutely  necessary  for  its  formation,  yet  it  probably  does  influence  the 
intensity  of  its  development.  More  accurate  work  will  have  to  be  done 
before  this  question  can  be  settled. 

A  number  of  workers  have  used  different  types  of  radiation  to  develop 
the  anthocyanin  color  in  the  skin  of  apples.  Pearce  and  Streeter  (29) 
found  that  with  sunlight  as  a  source,  wave-lengths  between  3600  and 
4500  A  with  an  optimum  at  4100  A,  were  the  most  effective  portion 
of  the  spectrum  during  October  and  November  for  coloring  Mcintosh 
apples.  Arthur  (1),  on  the  other  hand,  using  various  filters  and  a  mer- 
cury-vapor arc  source,  found  that  in  addition  to  ultra-violet  between 
wave-lengths  3120  and  2900  A,  all  of  the  visible  up  to  6000  A  was  effective 
in  reddening  Mcintosh  apples.  Other  workers  have  reported  ultra- 
violet radiation  to  be  the  most  effective. 

A  more  detailed  discussion  of  the  relation  of  radiation  to  anthocyanin 
formation  is  given  by  Arthur  (Paper  XXV)  in  this  monograph. 

QUALITY    OF   LIGHT   AND    ABSORPTION    OF    INORGANIC    SALTS 

That  different  portions  of  the  visible  spectrum  affect  differently  the 
absorption  of  inorganic  salts  by  higher  plants  has  been  advanced  by 
several  investigators. 

Nemec  and  Gracanin  (27)  report  that  violet  and  red  Ught  have  little 
effect  on  the  absorption  of  phosphoric  acid,  but  markedly  increase  the 
absorption  of  K2O  during  the  first  18  days  of  the  growth  of  rye  plants. 
The  plants  were  grown  under  various  colored  glasses  and  under  clear 
glass. 

Tottingham  et  al.  (49)  found  that  increasing  the  proportion  of  radia- 
tion in  the  blue  end  of  the  spectrum  above  that  emitted  by  a  Mazda 
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lamp,  by  supplementary  radiation  from  a  carbon  arc,  promoted  the 
absorption  of  nitrate  by  young  wheat  plants  grown  in  water  culture. 
Potassium  proved  a  more  efficient  carrier  of  the  nitrate  than  sodium, 
which  was  thought  to  corroborate  the  findings  of  Nemec  and  Gracanin 
concerning  increased  absorption  of  potassium  under  violet  light. 

REFLECTION,  ABSORPTION,  AND  TRANSMISSION  OF  DIFFERENT  PARTS 

OF  THE  SPECTRUM  BY  LEAVES 

The  importance  of  a  knowledge  of  reflection,  absorption,  and  trans- 
mission of  radiation  by  plants  has  long  been  recognized,  but  accurate 
information  has  been  forthcoming  only  during  the  last  few  years.  Prac- 
tically all  of  the  reported  investigations  have  been  restricted  to  a  study 
of  leaves,  since  these  organs  are  probably  the  most  important  absorbers  of 
radiant  energy  in  the  higher  plants,  particularly  in  connection  with 
photosynthesis  and  transpiration. 

A  discussion  of  the  relative  merits  of  different  methods  of  measuring 
reflection,  transmission,  and  absorption  of  radiation  will  not  be  under- 
taken in  this  report.  The  reader  desiring  information  on  this  subject  is 
referred  to  the  papers  by  McNicholas  (25,  26),  Waldram  (53),  and 
Nuernbergk  (28)  as  well  as  to  those  of  the  investigators  whose  work  will 
be  mentioned  in  this  report. 

Ijrsprung  (50)  reviews  the  work  up  to  1903  on  the  physical  properties 
of  leaves  with  respect  to  light.  In  many  of  the  earlier  investigations  no 
attempt  was  made  to  determine  reflection,  absorption,  and  transmission 
of  different  regions  of  the  spectrum.  These  factors  were  considered  only 
in  relation  to  the  total  energy  of  the  source  or  the  total  visible  radiation 
of  the  source.  The  most  widely  quoted  of  the  earlier  investigations  is 
that  of  Brown  and  Escombe  (4)  in  which  an  attempt  was  made  to  account 
for  all  of  the  solar  energy  incident  to  the  leaf  surface,  that  is,  to  draw  up  a 
balance  sheet  of  energy  income  and  outgo.  Shull  (44)  criticizes  the  results 
of  Brown  and  Escombe  on  the  basis  of  the  fact  that  they  failed  to  take 
into  account  the  important  factor  of  reflection  from  the  leaf  surface, 
which  his  own  as  well  as  the  measurements  of  others  have  shown  to  be 
often  as  great  as  the  amount  of  radiation  transmitted.  Seybold  (39)  and 
Schanderl  and  Kaempfert  (36)  have  also  criticized  the  method  of 
Brown  and  Escombe.  Seybold  (39)  from  his  own  investigation  gives  the 
following  tentative  light-energy  balance  (Table  3),  in  which  only  white 
light  exclusive  of  infra-red  is  considered.  The  figures  in  parentheses  are 
estimated  values;  the  others,  measured. 

Seybold  himself  states  that  it  is  not  possible  to  set  up  a  general 
energy  balance  because  of  the  great  variability  of  leaves,  as  well  as  the 
variation  in  the  quality  of  radiation  incident  upon  them.  Further 
discussion  of  this  question  will  not  be  considered  here,  since  it  falls  more 
logically  under  the  section  in  this  monograph  on  photosynthesis. 
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Among  the  first  to  study  the  transmission  of  leaves  in  various  parts 
of  the  spectrum  was  Knuchel  (20).     By  means  of  a  spectrophotometer  he 

Table  3. — Seybold's  Light-energy  Balance  Sheet 


Incident  light  energy 

Absorption  of  colorless  constituents  of  leaf 

Light  reflection 

Pigment  absorption 

Light  transmission 


Leaf 


White 

Green 

100 

100 

(40) 

(20) 

30 

10 

60 

30 

10 

measured  the  transmission  of  sun  leaves  and  shade-leaves  of  hazelnut, 
linden,  and  beech,  when  diffused  zenith  skylight  was  the  source.  In  the 
blue  region  of  the  spectrum  around  4400  A,  shade  leaves  transmitted 
only  traces  of  the  incident  radiation  and  sun  leaves  only  0  to  2  per  cent. 
At  about  4720  A,  shade  leaves  transmitted  5  per  cent  and  sun  leaves 

o 

2  to  5  per  cent.  In  the  green  region  (about  5200  A)  shade  leaves  trans- 
mitted 16  to  25  per  cent  and  sun  leaves  6  to  12  per  cent.  At  5890  A  the 
maximum  transmission  was  19  per  cent  and  at  6520  A  12  per  cent.  His 
figures  thus  indicated  strong  absorption  by  green  leaves  in  the  blue- 
violet  end  of  the  spectrum,  a  fact  which  has  been  substantiated  by  later 
investigators.  Knuchel  also  found  a  greater  percentage  of  green  and  of 
yellow  light  in  the  forest  as  compared  with  sky  light  in  the  open.  This 
may  be  explained  partly  on  the  basis  of  the  greater  transmission  of  such 
radiation  by  leaves  and  by  the  scattering  of  direct  sunlight. 

Pokrowski  (33),  using  a  spectrophotometer,  determined  the  reflection 
of  a  number  of  tree  leaves  by  a  comparison  with  the  reflection  from 
magnesium  oxide.  He  also  determined  the  transmission  of  several  leaves 
of  Tilia  parviflora  and  Fraxinus  excelsior.  By  considering  the  total  inci- 
dent radiation  as  one,  and  subtracting  from  it  the  sum  of  the  radiation 
reflected  and  transmitted,  he  obtained  figures  for  absorption  at  different 
wave-lengths.  In  Table  4,  we  have  averaged  two  series  of  his  measure- 
ments for  each  species  and  have  brought  them  together  into  one  table  for 
comparison. 

It  will  be  seen  from  this  table,  and  it  is  shown  in  Pokrowski's  other 
measurements,  that  maximum  reflection  occurred  in  the  green  at  5500  A. 
This  region  is  also  characterized  by  maximum  transmission  and  minimum 
absorption,  which  might  be  expected  from  the  green  color  of  leaves  and  is 
undoubtedly  related  to  the  absorptive  properties  of  chlorophyll.  On  the 
other  hand,  as  Pokrowski  himself  points  out,  the  maximum  absorption 
point  of  the  leaves  does  not  correspond  to  the  maximum  point  of  absorp- 
tion of  chlorophyll,  which  occurs  at  about  6600  A.     Maximum  absorption 
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and  minimum  reflection  from  leaves  occurred  in  the  blue  end  of  the  s))ec- 
trum.  Reflection  in  the  region  between  4500  and  4800  A  (blue),  averaged 
around  5.5  per  cent,  while  between  6200  and  7100  A  (red)  it  averaged 
around  6.5  per  cent.  Pokrowski  found  that  the  lower  surfaces  of  leaves 
reflected  more  radiation  at  all  wave-lengths  than  did  the  upper  surfaces. 
The  percentage  of  reflection  of  leaves  decreased  with  the  age  of  the  leaf  in 
Tilia  parviflora. 

Table  4. — Reflection,  Transmission,  and  Absorption  of  Leaves  as 

Found  by  Pokrowski 
(Total  incident  radiation  =  1) 


Wave-lengths,  A 

4800 

5000 

5500 

6000 

6200 

6500 

Tilia  parviflora 

Reflection 

Transmission 

Absorption 

0.083 

0.101 
0.070 
0.829 

0.170 
0.283 
0.547 

0.135 
0.176 
0.689 

0.121 
0.148 
0.731 

0.104 

Fraxinus  excelsior 

Reflection 

Transmission 

Absorption 

0.024 
0.044 
0.932 

0.041 
0.062 
0.897 

0.100 
0.140 
0.760 

0.070 
0.096 
0.834 

0.063 
0.085 
0.852 

0.054 
0.070 
0.876 

Pokrowski's  studies  of  reflection  from  leaf  surfaces  have  been,  in 
general,  verified  by  Shull  (44)  and  Hibben  (16),  both  of  whom,  working 
independently,  used  a  spectrophotometer  and  compared  the  reflection 
from  leaf  surfaces  with  that  from  magnesium  carbonate.  Shull,  using  a 
wide  variety  of  leaves,  obtained  maximum  reflection  of  green  leaves  in  the 

o 

region  5400  to  5600  A,  which  amounted  to  6  to  8  per  cent  from  dark  green 
leaves  and  20  to  25  per  cent  from  light  green  ones.  The  amount  of 
reflection  decreased  with  increasing  age  of  the  leaf  until  the  chlorophyll 
concentration  reached  its  maximum  and  remained  constant  from  that 
time  until  autumn.     Hibben  reported  maximum  reflection  in  the  region 

o  o 

5500  to  5600  A,  reaching  28  per  cent  at  wave-length  5600  A,  with 

o 

secondary  increases  in  the  blue  (4400  to  4600  A)  and  in  the  red  (6750  to 

o 

7000  A).  Both  Shull  and  Hibben  found,  like  Pokrowski,  that  the  lower 
surfaces  of  leaves  reflected  more  light  than  the  upper  surfaces.  Leaves 
with  white  surfaces,  according  to  Shull,  reflect  all  wave-lengths  uniformly, 
regardless  of  color.  With  the  disappearance  of  chlorophyll  and  the 
appearance  of  autumn  colors,  maximum  reflection  shifts  to  the  red  and 
yellow.  Thus,  yellow  birch  leaves  were  found  by  Shull  to  reflect  42  per 
cent  of  the  incident  radiation  from  the  upper  surface,  with  a  maximum  in 

o 

the  red  at  6600  A.  With  less  completely  yellowed  poplar  leaves  he 
obtained  the  same  total  percentage  reflection,  but  the  maximum  was  in 

o 

the  yellow  at  5800  A.  Hibben  reports  maximum  reflection  from  autumn 
leaves  in  the  region  6000  to  7000  A  and  greatest  amount  of  reflection  from 
the  most  brilliantly  colored  leaves.  Shull,  unlike  Pokrowski,  found  in 
a  number  of  the  green  leaves  tested  a  decrease  in  the  percentage  of  reflec- 
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tion  around  6800  A,  which  corresponds  to  the  maximum  absorption  band 
of  chlorophyll. 

Among  the  most  comprehensive  studies  made  to  date  on  reflection, 
transmission,  and  absorption  of  radiation  by  leaves  are  those  of  Seybold 
(39  to  42)  and  of  Schanderl  and  Kaempfert  (36). 

Seybold  (39)  in  his  first  paper  presents  the  results  of  his  determination 
of  transmission  percentages  of  variegated  and  of  green  leaves  in  different 
parts  of  the  spectrum  and  also  gives  some  data  on  the  transmission  of 
chlorophyll.  His  determinations  of  spectral  transmission  were  made  with 
an  artificial  hght  source  (a  500-watt  "Osram  Nitra-Kinoboxlampe  ")  and 
a  Linke  actinometer,  the  effective  part  of  which  was  a  thermopile  and 
galvanometer  connected  with  a  photographic  recorder.  Transmission 
in  different  parts  of  the  spectrum  was  determined  by  means  of  a  series 
of  Schott  filters  used  in  combination  with  a  6  per  cent  CUSO4  solution 
of  1  cm.  thickness  to  ehminate  the  infra-red.  The  transmission  values 
found  by  Seybold  for  various  species  of  plants  are  presented  in  condensed 
form  in  Table  5.  A  comparison  of  his  figures  for  Tilia  parviflora  and 
Fraxinus  excelsior  with  those  of  Pokrowski  for  these  species  shows 
Pokrowski's  figures  to  be  considerably  higher,  especially  in  the  yellow. 
This  is  probably  to  be  attributed  to  the  difference  in  methods  used  by  the 
two  investigators.  Seybold's  figures  also  represent  a  much  wider  range 
of  the  spectrum.  From  his  studies  of  green  leaves,  Seybold  concluded 
that  figures  given  for  transmission  by  previous  investigators  have  in 
general  been  too  high. 

Seybold  also  measured,  by  means  of  a  sodium  photoelectric  cell,  which 
was  sensitive  only  to  visible  and  ultra-violet  radiation,  and  with  sunlight 
as  a  source,  the  transmission  by  variegated  and  green  leaves  of  the 
region  3500  to  7400  A.  With  the  total  energy  of  sunlight  equal  to  1.2 
cal./cm.Vmin.,  white  portions  of  variegated  leaves  transmitted  between 
20  and  30  per  cent,  and  green  portions  between  8  and  15  per  cent  of  the 
incident  radiation,  leaving  a  difference  of  about  10  to  20  per  cent  to  be 
attributed  largely  to  chlorophyll. 

In  his  second  paper  Seybold  (40)  added  reflection  measurements 
which,  with  his  transmission  measurements,  enabled  him  to  determine 
absorption  by  the  leaf.  These  measurements  were  made  with  the 
photoelectric  cell  already  mentioned.  A  concave  mirror,  elliptical 
in  form,  was  constructed  out  of  brass  and  highly  polished.  The  spherical 
photocell  was  placed  far  enough  into  the  concave  mirror  that  a  point  on 
its  surface  corresponded  to  the  focal  point  of  the  mirror.  At  this  point 
a  piece  of  black  paper  was  fastened,  to  which  was  added  a  magnesium 
carbonate  layer.  All  reflections  from  leaves  were  compared  with  the 
values  obtained  with  this  magnesium  carbonate  layer  considered  as  unity. 
Sections  of  leaves  were  fastened  in  the  same  place  on  the  surface  of  the 
photoelectric  cell  for  measurement.     The  light  passed  through  a  hole  in 
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the  back  of  the  mirror,  to  the  reflecting  surface  and  from  there  was 

reflected  to  the  inside  of  the  mirror  and  back  to  the  photocell.     The 

same  filters  were  used  as  have  already  been  mentioned.     This  method 

cnablod  him  to  take  into  account  the  diffusion  of  the  radiation  from  the 

surface  of  the  leaf.     Table  6  gives  the  average  values  Seybold  obtained 

for  transmission,  reflection,  and  absorption  at  different  wave-lengths 

with  10  different  species  of  plants  with  variegated  leaves.     Since  he  used 

filters  with  comparatively  long  ranges  of  transmission,  the  wave-lengths 

given  in  this  table  represent  approximately  only  the  maximum  point  of 

transmission  of  the  filters. 

Table  5. — Transmission  of  Green  and  White  Sections  of  VARiECiATEU 

Leaves  and  of  Green  Leaves  in  Different  Regions  of  the 

Spectrum  in  Percentage  of  Incident  Radiation 

(Approximate  spectral  ranges  of  the  filters  in  van.,  with  maximum  transmission  point 

in  parentheses.     CuS04  plus  BG9  was  used  with  all  filters  except  the  white) 


Screen  color     

White 

Blue 

Green 

Yel 

ow 

Orange 

Red 

Infra-red 

Screen                   

BG9 

320-720 

(476) 

BG12 
320-520 

(425) 

VGl 

440-650 
(540) 

GGll 
475-700 
(500-550) 

0G2 

560-720 
(580) 

RG5 

675-720 
C680) 

RG7 

770-3000 

(2000) 

w. 

38 
28 
41 
39 
25 
30 
30 
30 

57 

G. 

W. 

G. 

W. 

30 
31 
41 
33 
25 
34 
30 
39 

59 

G. 

13 
9 

10 
6 
4 
8 

10 
2 

14 

W. 

30 
41 
43 
41 
29 
37 

53 

G. 

14 
9 
6 
9 
2 
8 

12 

W. 

G. 

W. 

36 
39 
40 
35 
35 
40 

53 

G. 

24 
29 
26 
19 
14 
19 

20 

W. 

31 
36 
30 
33 
25 

22 
30 

77 

G. 

Acer  negundo 

12 
6 
7 
3 
3 
9 
6 
2 

12 

18 
18 
30 
22 
10 
15 
20 
23 

59 

2 
1 

0 
1 
0 
0 

1 

1 

1 

30 
39 
42 
40 
30 
40 

54 

13 
9 
8 
6 
3 
8 

14 

28 

Humxdus  japonicus 

28 

Satfibucus  nigrd 

18 

Funkia  fortunei  alba  marg  .  .  . 
Abutilon  sp 

22 
20 

Eulalia  zebrina  stricta 

PhalangixiTn  lineare 

21 

Stenotaphrum  americanum .  .  . 

Tradescantia   ftuminensis 

varieg 

21 
48 

Green  leaves 


Tropaeolum  majua 

Polygonum  Sachaliner.se 

Helianthus  annuus 

Phaseolus  vulgaris 

Tilia  parviflora 

Fraxinua  excelsior 

Corylus  avellana  (shade  leaf) 

Corylua  avellana  (sun  leaf) .  .  . 

Potamogeton  alpinus  (sub- 
mersed leaf) 

Potamogeton  alpinus  (emersed 
leaf) 


8 

10 

11 

11 

26 

6 

9 

6 

7 

29 

2 

4 

4 

6 

17 

9 

13 

11 

13 

31 

2 

3 

2 

1 

15 

4 

6 

5 

5 

21 

12 

2 

15 

14 

14 

24 

3 

1 

5 

6 

6 

19 

39 

14 

30 

50 

44 

51 

6 

1 

6 

6 

7 

32 

32 
28 
20 
34 
19 
20 
27 
16 

72 

31 


W.  =  white;  G.  =  green. 

From  these  figures  it  is  apparent  that  light  transmission  decreases  and 
absorption  increases  with  decreasing  wave-length.  Absorption  is  greater 
throughout  in  the  green  portions  of  leaves  than  in  the  white  portions,  but 


784 


BIOLOGICAL  EFFECTS  OF  RADIATION 


it  increases  more  markedly  with  decreasing  wave-length  in  the  white 
than  in  the  green  portions.  That  the  presence  of  chlorophyll  is  responsi- 
ble for  the  greater  absorption  in  the  green  is  obvious.  Seybold's  results 
with  reflection  in  general  approximated  those  of  ShuU,  Hibben,  and 
Pokrowski,  obtained  with  a  spectrophotometer,  although  the  wider 
spectral  ranges  used  by  Seybold  tend  to  obscure  the  greater  reflection  of 
green  leaves  between  5400  and  5600  A. 

Table  6. — Average  Values  of  Transmission,  Reflection,  and  Absorption 

Obtained  by  Seybold  with  10  Species  of  Variegated  Plants 

(In  percentage  of  the  incident  radiation) 


Transmission 

Reflection 

Absorption 

Light  absorption  coefficient 


White  leaf -sections 


644 
niM 


33 

46 

21 

0.21 


578 
mjtt 


33 

47 

20 

0.20 


509 

m/x 


31 

43 

26 

0.26 


436 

ni/i 


20 

27 

53 

0.53 


336 

mju 


8 
18 
74 
0.74 


Green  leaf -sections 


644 
nip 


9 
13 

78 
0.78 


578 
m;u 


10 

14 

76 

0.76 


509 


10 

14 

76 

0.76 


436 

m/i 


2 
11 

87 
0.87 


336 

m^ 


0 
9 

91 
0.91 


By  comparing  observed  values  of  absorption  with  calculated  values 
for  green  leaves  and  white  portions  of  variegated  leaves,  Seybold  found 
that  the  Lambert-Beer  absorption  law  held  for  both. 

In  the  third  paper  of  the  series,  Seybold  (41)  presents  evidence  to 
show  that  whether  the  incident  radiation  used  is  parallel  or  diffused  makes 
little  difference  in  the  values  obtained  for  transmission  or  reflection  at 
different  wave-lengths.  The  maximum  difference  he  found  for  trans- 
mission values,  when  the  two  types  of  radiation  were  used,  was  2  per 
cent.  He  attributed  this  partly  to  the  fact  that  the  upper  epidermis 
diffuses  the  radiation  that  strikes  it  and  hence,  even  a  parallel  beam  will 
immediately  be  diffused  on  striking  the  leaf.  It  is  also  interesting  to 
note  that  when  he  compared  the  transmission  of  fresh-leaf  sections  with 
those  air-dried  for  3  days,  there  was  an  increase  in  infra-red  transmission 
in  the  dried  sections  of  only  5  per  cent,  which  is  less  than  one  would 
expect  from  the  well-known  fact  that  water  absorbs  infra-red.  By 
using  a  yellow  filter  in  combination  with  CUSO4  to  eliminate  infra-red, 
a  similar  small  increase  in  transmission  occurred  in  the  yellow  part  of  the 
visible  region. 

Schanderl  and  Kaempfert  (36),  using  sunlight  exclusively  as  a  source, 
measured  by  means  of  a  Linke  actinometer  containing  a  modified  Moll 
thermopile,  not  only  the  transmission  of  whole  leaves  but  also  the  trans- 
mission of  different  leaf  tissues,  especially  different  types  of  epidermises 
and  leaf  surfaces,  and  also  determined  the  effect  of  the  position  or  orienta- 
tion of  chloroplasts  and  the  presence  of  assimilation  products  on  trans- 
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mission.  Two  filters  were  used,  a  yellow  glass  (Schott  and  Gen.  OGl) 
having  a  range  of  about  5100  to  31,500  A,  and  a  red  glass  (Schott 
and  Gen.  RG2)  with  a  range  between  5900  and  31,500  A.  The  trans- 
mission in  other  parts  of  the  spectrum  was  determined  by  difference,  in  a 
comparison  with  transmission  of  the  full  spectrum  of  sunlight. 

The  transmission  values  they  obtained  with  whole  leaves  agreed 
more  or  less  with  those  of  Seybold  and  others  and  need  not  be  repeated 
here.  They  found,  in  common  with  other  investigators,  that  the  light 
that  is  transmitted  by  a  leaf  is  entirely  diffused  when  passing  out  of  the 
leaf,  even  when  the  incident  beam  is  parallel;  that  long-wave  radiation  is 
transmitted  in  greater  percentage  than  short-wave  radiation;  and  that 
the  short  rays  are  diffused  most  and  are  most  strongly  absorbed  by 
chlorophyll.  The  red  portions  of  a  variegated  Coleus  leaf  were  found  to 
transmit  higher  percentages  of  the  total  incident  radiation  than  were 
green  sections,  but  they  transmitted  less  of  the  blue-green  and  yellow- 
green  components  than  did  green  sections. 

Schanderl  and  Kaempfert  also  found  that  the  transmission  values 
of  a  leaf  at  different  wave-lengths  change  as  a  result  of  movements 
and  orientation  of  the  chloroplasts.  By  selecting  leaves  of  Tradescantia 
viridis,  Pelargonium  zonale,  Adiantum  cuneatum,  and  Coleus  hyhridu^, 
all  of  which  were  found  to  change  the  position  of  their  chloroplasts  under 
different  intensities  of  illumination,  and  by  comparing  the  transmission 
of  these  leaves  in  diffused  hght  or  darkness  with  transmission  in  direct 
sunlight,  they  found  that  10  to  40  min.  in  direct  sunlight  was  enough  to 
increase  the  transmission  as  much  as  40  per  cent.  The  short  wave- 
lengths were  found  to  be  influenced  most.  In  the  case  of  Tradescantia 
viridis,  the  increase  in  transmission  in  the  blue-violet  end  of  the  spectrum 
was  sometimes  over  200  per  cent.  The  products  of  photosynthesis  in 
the  leaf  were  also  found  to  affect  the  transmission.  Accumulation  of 
starch  in  Tradescantia  leaves  caused  a  decrease  in  transmission  of  the 
leaf. 

A  number  of  previous  workers  determined  the  absorptive  power  of 
chlorophyll  in  the  leaf  by  comparing  white  parts  of  variegated  leaves 
with  green  parts.  This  method  was  used  by  Brown  and  Escombe 
originally.  Schanderl  and  Kaempfert  have  shown  that  this  method  is 
not  reliable  because  the  white  portions  of  many  of  these  leaves  are 
filled  with  air,  which  greatly  increases  the  reflecting  powers  of  the  cells 
and  results  in  lower  transmission  values.  Since  this  condition  does  not 
obtain  in  the  green  sections,  it  cannot  be  assumed  that  the  colorless  parts 
of  the  green  sections  have  the  same  absorptive  power  as  the  white  sections 
of  the  leaf.  The  extinction  coefficient  of  chlorophyll  can,  therefore,  not 
be  determined  by  difference.  Seybold  has  also  called  attention  to  this. 
Schanderl  and  Kaempfert  attempted  to  determine  the  absorptive  power 
of  chlorophyll  by  comparing  the  values  obtained  with  green  leaves  with 
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tliose  obtained  after  the  chlorophyll  had  been  extracted  from  these 
leaves,  the  same  leaf  being  used  for  both  determinations.  This  method 
gave  for  the  chlorophyll  absorption  70  per  cent  in  white  light,  90  per  cent 
in  violet-green,  63  per  cent  in  green-yellow  and  68  per  cent  in  red  and 
infra-red.  It  is  doubtful,  however,  whether  this  method  is  much  more 
accurate  than  the  other. 

From  extensive  studies  of  isolated  upper  epidermises  of  leaves  of  all 
kinds,  Schanderl  and  Kaempfert  (36)  obtained  maximum  transmission 
values  of  98  per  cent  with  epidermises  of  shade  plants  and  minimum  values 
of  15  to  25  per  cent  with  those  of  desert  plants  or  plants  growing  in  high 
altitudes.  The  latter  also  caused  the  incident  radiation  to  become  much 
more  diffused  than  did  the  former.  Colorless  epidermises  transmitted 
about  equally  all  wave-lengths,  but  those  containing  anthocyanin  acted 
as  filters,  reducing  particularly  the  percentage  of  blue-violet  radiation. 
Hairs,  resins,  or  waxes  on  an  epidermis  not  only  caused  a  pronounced 
scattering  of  the  incident  radiation,  thereby  reducing  markedly  the  total 
transmission  of  the  epidermis,  but  also  absorbed  more  strongly  the  shorter 
wave-lengths.  The  authors  call  attention  to  the  fact  that  waxy  coatings 
are  commonly  found  on  fleshy  fruits  and  succulent  leaves  and  stems. 
Since  such  structures  have  a  high  energy-absorbing  capacity  and  hence 
could  be  injured  more  readily  by  intense  radiation  than  thinner  struc- 
tures, it  is  suggested  that  these  coatings  may  serve  more  to  reduce 
the  intensity  of  the  incident  energy  than  to  check  loss  of  water  by 
transpiration. 

By  studying  separately  the  transmissions  of  the  palisade  and  spongy 
mesophylls  of  leaves  of  Cyclamen  persicum  and  Ficus  elastica,  the  authors 
found  that  if  the  radiation  passing  through  the  palisade  and  entering 
the  spongy  mesophyll  is  placed  at  100  per  cent,  that  of  the  spongy  meso- 
phyll  of  Ficus  elastica  would  be  only  5  per  cent  and  that  of  Cyclamen 
persicum  40  per  cent.  The  lower  percentage  transmission  of  the  spongy 
mesophyll  is  attributed,  first,  to  the  fact  that  it  receives  only  highly 
diffused  radiation,  and,  second,  that  it  is  filled  with  air  spaces  that,  in 
many  cases,  cause  total  reflection.  When  the  spongy  mesophyll  was 
filled  with  water  its  transmission  power  increased.  Under  ordinary 
conditions  the  palisade  mesophyll  absorbs  much  more  radiation  than 
the  spongy  mesophyll  because  of  its  greater  chlorophyll  content.  The 
structure  of  the  spongy  mesophyll  is  such,  however,  as  to  enable  it  to 
utilize  much  more  efficiently  the  diffused  radiation  it  receives.  The 
presence  of  hairs  and  other  epidermal  coverings  on  the  lower  surfaces 
of  leaves  is  also  thought  by  the  authors  to  cause  a  reflection  back  into  the 
leaf  of  the  radiation  which  would  pass  out  of  the  epidermis  if  it  were 
smooth. 

The  structures  of  plants  are  so  closely  related  to  their  light  relations 
that   these   authors   suggested,   instead   of   the   ecological   designations 
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liydrophytc,  mesophyte,  and  xprophyte,  which  are  based  on  water  rela- 
tions, a  classification  based  on  light  relations,  namely,  polyactinophytes, 
plants  of  climates  with  intense  radiation;  mesoaktinophytes,  plants  in 
climates  with  medium  radiation  intensity,  and  oligoactinophytes,  plants 
in  climates  having  extensive  (or  more  highly  diffused)  radiation. 

The  studies  of  the  various  workers  mentioned,  on  reflection,  absorp- 
tion, and  transmission  of  radiation  in  different  parts  of  the  spectrum, 
should  prove  of  considerable  value  in  interpreting  the  effect  of  light  on 
photosynthesis  and  other  physiological  processes.  It  is  likewise  interest- 
ing to  note  that  the  blue-violet  end  of  the  spectrum,  which  is  uniformly 
absorbed  to  a  greater  extent  than  the  red  end,  also  seems  to  be  more 
effective  in  producing  a  plant  of  normal  stature  than  does  the  red  end. 
The  red  end  of  the  spectrum  produces  a  type  of  etiolation. 

CONCLUDING  REMARKS 

Viewing  as  a  whole  the  work  that  has  been  done  on  the  effect  of  quality 
of  light  on  plants,  we  find  that  the  behavior  of  different  species  is  so  varied 
that  it  will  probably  never  be  possible  to  generalize.  There  is,  however, 
sufficient  evidence  to  enable  one  to  say  with  some  certainty  that  the  red 
end  of  the  spectrum  stimulates  stem  elongation,  while  the  blue-violet 
end  checks  it.  Best  growth  has  uniformly  been  obtained  in  the  full 
spectrum  of  daylight.  No  other  light  source  and  no  filter  thus  far  used 
has  proved  superior  to  daylight  as  normally  received  by  plants.  It  may 
be  possible,  however,  to  use  a  particular  quality  of  radiation  for  obtaining 
a  specific  kind  of  growth.  The  investigations  thus  far  carried  out  have 
yielded  much  toward  an  understanding  of  the  response  of  plants  to  radia- 
tion, but  much  still  remains  to  be  done  before  we  shall  understand  the 
mechanism  of  this  response.  Photochemical  studies  carried  out  in  con- 
nection W'ith  growth  responses  and  not  restricted  to  photosynthesis  would 
probably  prove  enlightening. 
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XXIII 

EFFECT  OF  THE  VISIBLE  SPECTRUM  UPON  THE 
GERMINATION  OF  SEEDS  AND  FRUITS 

William  Crocker 

Historical.  Conditions  modifying  the  effect  of  light  upon  germination:  Seeds  that  are 
favored  by  light — Loranthaceae  and  other  epiphytic  forms,  Gesneriaceae,  Chloris  ciliata, 
Poa,  Ranuncidus  sceleratus,  Onagraceae,  Lythrum,  other  seeds.  Seeds  inhibited  by  light — 
Phacelia  tanacetifolia,  Nigella,  Liliaceae,  other  seeds.  Effect  of  various  regions  of  the 
spectrum.     Dosage  of  light  required.     Theories  of  light  action.     Summary.     References. 

HISTORICAL 

Early  investigators,  Ingenhousz  1788,  Humboldt  1794,  Senebier  1797, 
Saussure  1804,  Heiden  1859  (66,  page  432;  79),  concluded  that  light  had 
no  effect  or  a  detrimental  effect  on  seed  germination.  Unfortunately, 
Ingenhousz,  Senebier,  and  others  (79,  page  240)  worked  with  light- 
indifferent  seeds  such  as  mustard,  beans,  and  peas.  Caspary  (11)  was 
the  first  to  claim  that  light  was  favorable  for  the  germination  of  any  sort 
of  seed  when  he  found  that  Bulliarda  aquatica  germinated  well  in  full 
sunlight  but  poorly  in  diffuse  light.  This  work  must  have  been  over- 
looked, for  in  his  "Handbuch  der  Samenkunde"  Nobbe  stated  that 
all  previous  investigators  had  found  sunlight  not  only  unnecessary  but 
even  injurious  for  initiating  germination.  He  suggested  that  the  detri- 
mental effect  of  light  might  be  due  to  excessive  heating  and  evaporation. 

Peyritsch  and  Wiesner  (103,  pages  182  and  183)  found  light  necessary 
for  the  germination  of  Viscum  album  seeds.  Kraus  reports  that  in  1878 
Wagner  (55,  page  410)  had  shown  that  light  favored  the  germination 
of  Poa  achenes,  but  it  was  Stebler's  work  in  1881  (92)  on  the  favorable 
action  of  light  on  the  germination  of  various  grass  achenes  that  gave  the 
great  stimulus  to  investigation  in  this  field  and  aroused  the  antagonism 
of  Nobbe,  Stebler  found  that  under  controlled  temperature  conditions 
Poa  nemoralis  gave  1  to  3  per  cent  germination  in  darkness  and  53  to 
62  per  cent  in  daylight,  while  P.  pratensis  gave  0  to  7  per  cent  in  darkness 
and  59  to  61  per  cent  in  light.  Light  from  a  gas  lamp  proved  as  effective 
as  sunlight.  Light  favored  the  germination  of  various  other  genera  of 
grasses:  Festuca,  Cynosurus,  Alopecurus,  Holcus,  Dactylis,  Agrostis,  Aira, 
Panicum,  and  Anthoxanthum.  Quick-germinating  seeds  such  as  beans, 
peas,  and  clovers  were  indifferent  to  hght.  Stebler  mentioned  that 
Leitgeb  and  Borodin  had  found  light  necessary  for  the  germination  of 
spores  of  some  liverworts  and  ferns,  and  Pfeffer  for  the  germination  of 
the  gemmae  of  Marchantia  polymorpha. 
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Nobbe  (80)  vigorously  contradicted  Stebler's  results.  He  reported 
that  seeds  of  Poa  pratensis,  Phleum  pratense,  and  Zea  mays  germinated 
better  in  darkness  than  in  light  and  that  seeds  of  Dactylis  glomerata 
germinated  equally  well  under  both  conditions.  He  drew  the  sweepmg 
conclusion  that  the  method  of  seed  testing  in  darkness  found  in  nature 
was  reliable  even  for  grasses  and  preferable  to  testing  in  light,  since 
under  identical  conditions  the  process  in  darkness  was  quicker,  more 
certain,  and  more  regular,  and  constant  temperature  and  moisture 
conditions  were  easier  to  maintain. 

Nobbe's  opinion  did  not  long  dominate  the  field,  for  Liebenberg  (69), 
Jonsson  (45),  Weinzierl  (99),  Laschke  (59),  Hiltner  (42),  and  Pickholz 
(84)  extended  and  confirmed  Stebler's  results  in  their  studies  of  the 
effects  of  after-ripening  and  constant  and  intermittent  temperatures  on 
light-sensitiveness  of  grass  seeds.  Later  investigations  have  shown  that 
the  germination  of  seeds  of  many  plant  families,  gymnosperms  as  well 
as  angiosperms,  is  favored  by  light.  A  large  number  of  internal  and 
external  conditions  modify  the  sensitiveness  of  seeds  to  light,  or  even 
annul  or  reverse  the  light  effects.  Among  these  factors  are  maturity  of 
the  seeds,  stage  of  after-ripening,  condition  and  integrity  of  the  seed 
coats,  region  where  the  seed  grew,  partial  oxygen  pressure, 
temperature  of  the  germination  bed,  whether  constant  or  fluctuating, 
acidity  of  the  substratum,  and  the  presence  of  nitrates  or  other  nitrogen 
compounds.  Lehmann  and  Aichele  (66,  pages  432  to  461)  give  an  excel- 
lent critical  summary  of  the  early  literature  on  the  effect  of  light  on  seed 
germination. 

While  for  the  germination  of  many  sorts  of  seeds  light  is  required  or 
favorable,  it  is  detrimental  to  the  germination  of  some  other  kinds. 
Heinricher  (34)  found  that  darkness  increased  the  germination  velocity 
and  percentage  of  seeds  of  Acanthostachys  strohilacea.  Light  proved 
especially  detrimental  to  germination  capacity.  Remer  (88)  showed 
that  diffuse  light  reduced  to  a  marked  degree  the  germination  of  Phacelia 
tanacetifolia  seeds.  In  full  sunlight  under  similar  temperature  and 
moisture  conditions  seeds  covered  with  0.5  to  1  cm.  of  soil  gave  97  per 
cent  germination,  and  seeds  on  top  of  the  soil  gave  15  per  cent  germina- 
tion. Following  Remer's  work  many  investigators  studied  the  germina- 
tion of  Phacelia  seeds  in  light  and  darkness  under  many  conditions. 
Seeds  of  Phacelia  tanacetifolia  became  the  classical  example  of  light- 
inhibited  seeds. 

Kinzel  (46),  in  1907,  found  that  Nigella  sativa  needed  darkness 
for  good  germination.  Later  investigations  by  Kinzel  and  others  showed 
that  the  germination  of  various  species  of  Dianthus  and  Allium,  Lychnis 
lapponica,  Soldanella  alpina,  Primula  spectabilis,  and  many  others  was 
hindered  by  light. 
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CONDITIONS  MODIFYING  THE  EFFECT  OF  LIGHT  UPON  GERMINATION 

In  no  other  field  of  plant  physiology  is  there  as  much  disagreement  in 
results  as  in  the  effect  of  light  upon  germination.  For  seeds  of  a  given 
species  of  plant  one  author  may  find  light  favorable,  another  may  find  it 
indifferent,  and  a  third  detrimental.  Most  of  these  discrepancies  can 
be  explained  by  the  manner  in  which  the  internal  and  external  condi- 
tions mentioned  above  modify  the  sensitiveness  of  seeds  to  light.  The 
effect  of  these  conditions  and  the  significance  of  phylogenetic  and  eco- 
logical relationships  upon  Ught  sensitiveness  of  seeds  can  best  be  under- 
stood by  considering  in  detail  a  number  of  the  seeds  that  have  been 
most  investigated.  Let  us  discuss  first  several  kinds  of  seeds  that  are 
favored  in  germination  by  light  and  then  several  sorts  that  are  hindered. 

SEEDS    THAT    ARE    FAVORED   BY    LIGHT 

Loranthaceae  and  Other  Epiphytic  Forms. — Since  Peyritch  and  Wiesner 
(103,  pages  182  and  183)  discovered  that  light  was  necessary  for  the 
germination  of  Viscum  album  seeds,  seeds  of  several  other  Loranthaceae 
have  been  studied  as  to  their  behavior  toward  light  and  other  factors. 
Seeds  of  epiphytes  belonging  to  other  families  of  plants  also  have  received 
some  attention. 

Wiesner  (104)  showed  that  the  germination  of  Viscum  album  seeds 
increased  with  light  intensity.     His  experiment  extended  from  March 

24  to  April  22.  During  this  period  the  intensity  of  the  daylight  varied 
from  0.016  to  0.375  of  a  Wiesner  chemical  light  unit.  With  an  intensity 
of  0.142  of  a  unit  seeds  gave  42  per  cent  germination;  with  0.024  of  a  unit, 

25  per  cent;  with  0.015  of  a  unit,  5  per  cent;  and  with  0.0013  of  a  unit, 
0  per  cent.  The  minimum  intensity  necessary  for  the  germination  of 
Viscum  album  seeds  was  about  0.04  of  the  maximum  intensity  of  sunlight 
at  Vienna  during  the  germination  period.  The  germination  percentage 
increased  as  the  light  intensity  rose,  to  approximately  one-half  the 
maximum  intensity  of  sunlight  during  that  period.  In  continuous 
darkness  the  seeds  died  within  a  few  weeks.  The  minimum  intensity 
necessary  for  growth  of  the  hypocotyl  was  a  little  lower  than  for  germina- 
tion, and  the  rate  of  growth  of  this  organ  also  increased  with  increased 
light  intensity.  The  seeds  germinated  in  the  mucilaginous  fruits  if  the 
light  intensity  was  adequate. 

Wiesner  (105)  made  a  fuller  study  of  the  germination  of  seeds  of  two 
European  mistletoes,  Viscum  album  and  Loranthus  curopaeus,  and  of 
four  tropical  species,  Viscum  articulatum,  V.  orientale,  Loranthus  repandus, 
and  L.  pentandrus.  Seeds  of  the  two  European  species  were  surrounded 
by  fruits  rich  in  mucilage,  required  light  for  germination,  would  not 
germinate  in  the  presence  of  liquid  water  and  had  6  months'  rest  period 
in  nature.  Seeds  of  the  tropical  species  were  surrounded  by  fruits  bearing 
little  mucilage,  germinated  in  darkness  although  somewhat  favored  by 
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light,  needed  liquid  water  for  germination  and  had  no  rest  period.  They 
germinated  in  2  to  5  days,  except  for  L.  pentandrus  which  required  a  few 
weeks  for  germination  because  of  slow  mobilization  of  food  reserves. 
The  germination  characters  of  these  seeds  showed  natural  adaptations  to 
their  habitats.  Their  behavior  seemed  to  be  determined  by  ecological 
conditions  rather  than  by  phylogenetic  relations. 

Wiesner  thought  that  the  6  months'  rest  in  nature  necessary  for 
the  germination  of  Viscum  album  seeds  was  due  to  slow  mobilization  of 
reserves,  need  of  light  of  considerable  intensity,  and  presence  of  inhibiting 
substances  in  the  fruits.  In  1897  he  found  that  the  rest  period  of  some 
of  the  seeds  could  be  greatly  shortened,  even  to  1  month,  by  using 
optimum  conditions:  temperatures  of  15°  to  20°C.,  good  light,  and  dry 
air.     Immature  seeds  germinated  more  quickly  than  ripe  ones. 

Contrary  to  his  earlier  claims,  Wiesner  (106)  found  that  Loranthus 
europaeus  seeds  germinated  in  darkness,  although  they  were  favored  in 
speed  and  percentage  germination  by  light.  This  result  was  later 
confirmed  by  Kinzel  (51,  Suppl.  II,  page  67)  and  Mayr  (72).  Loranthus 
europaeus  seeds  had  a  shorter  rest  period  than  Viscum  album.  The  imma- 
ture seeds  of  this  species  also  germinated  more  promptly  than  mature 
ones. 

With  a  few  exceptions  Heinricher  (36,  37,  39,  40)  confirmed  Wiesner's 
conclusions  on  germination  conditions  for  Viscum  album  seeds.  His 
exceptions  were  the  following:  Germination  in  the  open  was  found  to 
occur  during  a  warm  period  in  February  rather  than  being  delayed 
until  April.  Germination  in  the  greenhouse  was  100  per  cent  by  February 
12  in  contrast  to  10  per  cent  reported  by  Wiesner.  This  result  Heinricher 
attributed  to  the  excellent  light  in  his  new  greenhouses.  He  germinated 
Viscum  album  seeds  in  contact  with  liquid  water  at  high  temperatures 
by  maintaining  the  seeds  in  sterile  condition.  He  claimed  that  the 
fruit  mucilage  hindered  germination  because  it  limited  the  oxygen  and 
water  supply  to  the  embryo,  rather  than  because  of  an  inhibiting  chemical 
within  the  mucilage.  He  found  the  minimum  temperature  for  germina- 
tion to  be  about  3.8''C.  rather  than  the  8°  to  10°C.  reported  by  Wiesner. 
Heinricher  also  added  some  interesting  facts  not  found  by  Wiesner.  The 
less  refrangible  half  of  the  visible  spectrum  favored  germination,  but  the 
more  refrangible  half  was  not  effective.  A  substratum  of  nutrient 
gelatin  did  not  favor  germination  in  light  or  cause  germination  in  dark- 
ness. Kinzel  (51,  pages  16  and  17)  found  nutrient  gelatin  ineffective  for 
Viscum  album  and  V.  minimum  seeds.  This  point  is  of  great  interest 
because,  as  we  shall  see  later,  nutrient  solutions  often  substitute  for 
light  in  light-favored  seeds.  Kinzel  also  germinated  V.  minimum  in 
darkness  under  favorable  conditions. 

Tubeuf  (97)  found  that  germination  of  the  red-berried  mistletoe, 
Viscum  cruciatum,  was  greatly  favored  by  light  and  was  slow  and  incom- 
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pleto  in  darkness.  These  seeds  germinated  in  dry  air  when  removed  from 
the  fruit  and  also  in  the  presence  of  Uquid  water  if  protected  from  bacteria 
and  fungi. 

Heinricher  (38)  found  that  Arceuthohium  oxycedri,  another  epiphytic 
and  parasitic  Loranthacean,  required  Hght  for  germination.  Unlike 
other  parasitic  Loranthaceae  it  would  not  germinate  on  glass  or  other 
inorganic  substrata  but  required  a  cellulose  substratum  for  germination. 
Pure  Swedish  filter  paper  proved  excellent,  and  spruce  wood  was  good. 
Heinricher  considered  this  as  evidence  that  Arceuthohium  was  more 
strictly  parasitic  than  Viscum  and  Loranthus.  Arceuthohium  oxycedri 
seeds  could  remain  longer  in  darkness  without  losing  their  germinating 
power  than  Viscum  alhum  seeds.  After  3  months  in  darkness  the  seeds 
still  gave  7  per  cent  germination  in  light. 

Cannon  (10)  studied  Phoradendron  villosum  and  P.  californicum,  and 
Peirce  (82)  investigated  Arceuthohium  occidentale,  but  since  they  were 
unable  to  germinate  the  seeds,  we  have  no  information  on  the  effect  of 
light  on  the  germination  of  American  parasitic  Loranthaceae.  Van 
Tieghem  (94)  found  that  the  seeds  of  Nuytsia  florihunda,  a  species  of 
Loranthaceae  which  is  not  an  epiphyte  but  a  root  parasite,  retained  their 
vitality  during  2  years  of  dry  storage,  and  that  they  would  germinate 
in  both  light  and  darkness. 

Bessey  (6)  showed  that  seeds  of  the  strangling  fig,  Ficus  aurea,  germi- 
nated only  in  light,  but  the  seeds  of  Ficus  populnea,  a  less  strict  epiphyte, 
would  germinate  in  darkness  but  were  favored  by  light.  Seeds  of  Ficus 
carica  (51,  page  16)  and  Ficus  elastica  (90)  are  also  light-favored. 

Heinricher  (34),  who  investigated  several  Bromeliaceae,  found  light 
necessary  for  the  germination  of  seeds  of  Pitcairnia  maidifolia,  mainly 
a  rock  or  soil  inhabitant.  He  believed  light  a  requirement  for  the 
germination  of  seeds  of  most  Tillandsieae,  many  of  which  are  epiphytic. 
Other  groups  of  the  Bromeliaceae  showed  different  behavior.  Germina- 
tion of  seeds  of  Dyckia  rari flora  and  D.  sulphurea  was  hastened  only 
slightly  by  light,  and  Aechmea  coerulescens  germinated  equally  well 
in  light  and  darkness. 

While  most  of  the  epiphytic  parasites  or  epiphytes  mentioned  above 
are  favored  in  their  germination  by  light,  and  some  apparently  require 
light,  there  is  no  strict  relationship  between  epiphytism  and  light  require- 
ment. Also  no  strict  uniformity  of  behavior  exists  within  the  same 
family  of  plants  or  even  within  the  smaller  more  closely  related  systematic 
groups,  although  certain  systematic  groups  seem  to  have  a  large  propor- 
tion of  species,  the  seeds  of  which  are  favored  by  light. 

A  defect  in  all  of  the  researches  reported  in  this  section  is  the  failure 
to  study  the  favoring  action  of  light  under  a  sufficient  range  of  other 
conditions.  This  fact  will  become  evident  when  the  researches  on  Chloris 
and  Poa  are  discussed. 
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Gesneriaceae. — Figdor  (17,  18)  could  not  germinate  seeds  of  any 
species  of  Gesneriaceae  that  he  studied  except  in  Ught.  In  his  first 
investigation  he  placed  seeds  of  Streptocarpus  wendlandii,  S.  kirkii,  S. 
polyanthus,  S.  rexii,  S.  achimeni flora,  Naegelia  amahilis,  Saintpaulia 
ionantha,  and  Sinningia  regina  in  light  and  dark  germinators.  In  10 
to  23  days  the  seeds  in  light  germinated,  but  there  was  no  germination  in 
dark  even  after  2  months.  Seeds  in  the  dark  germinated  when  trans- 
ferred to  light,  some  species  more  and  some  less  promptly  than  if  they 
had  been  placed  in  light  germinators  immediately.  Figdor  later  obtained 
similar  results  with  seeds  of  Klugia  zeylanica,  Monophyllaea  horsfieldii, 
Alloplectus  sanguineus,  Tydaea  hyhrida  var.  grandiflora,  T.  lindeni, 
Isoloma  hirsutum,  I.  hirsutum  multifiorum,  Gesneria  aurantiaca,  G. 
macrantha,  Streptocarpus  grandis,  Naegelia  zebrina,  and  Gloxinia  hyhrida 
erecta  grandiflora.  His  first  investigation  was  made  at  18°C.  and  the  | 
second  at  20°C.  He  did  not  study  the  effect  of  various  constant  or 
intermittent  temperatures.  i 

According  to  Lehmann  (62,  pages  477  and  478),  thoroughly  after- 
ripened  seeds  of  Gloxinia  (Sinningia)  hyhrida  which  had  been  in  dry 
storage  for  S^'2  years  still  required  light  for  germination.  He  concluded 
that  after-ripening  these  seeds  did  not  modify  their  light  sensitiveness. 
Ottenwalder  (81,  page  795)  could  not  induce  germination  of  G.  hyhrida 
seeds  in  darkness  by  raising  the  temperature  of  the  seed  bed  up  to  40°C. 
or  by  pricking  the  seed  coats.  Gassner  (25),  however,  obtained  about 
6  per  cent  germination  of  Sinningia  speciosa  seeds  in  darkness  on  filter 
paper  moistened  with  distilled  water,  43  per  cent  in  darkness  on  filter 
paper  saturated  with  0.01  molecule  KNO3,  and  53  per  cent  in  diffuse 
light  on  filter  paper  wet  with  distilled  water.  Ammonium  salts,  nitrates, 
and  nitric  acid  in  proper  concentrations  forced  the  germination  of 
these  seeds  in  darkness,  but  salts,  acids,  and  bases  not  containing  nitrogen 
were  not  effective. 

Investigations  to  date  indicate  that  there  is  no  other  plant  family  in 
which  the  seeds  are  so  consistently  favored  in  germination  by  light  as  are 
the  seeds  of  this  tropical  and  subtropical  family.  The  germination  of 
Gesneriacean  seeds,  however,  should  be  studied  under  many  other  condi- 
tions in  conjunction  with  light. 

Chloris  ciliata. — No  light-favored  seeds  have  had  more  thorough 
study  than  the  achenes  of  the  South  American  pampas  grass,  Chloris 
ciliata,  especially  in  respect  to  the  effect  of  other  conditions  upon  their 
light-sensitiveness. 

Gassner  (23)  found  that  light  acted  as  such,  and  not  through  its  heat- 
ing effects;  for  no  constant  temperature  would  substitute  for  light,  and 
light  was  effective  even  when  it  did  not  induce  daily  intermittent  tem- 
peratures. Many  of  the  light  and  dark  experiments  were  carried  out  at 
constant  temperatures  varying  not  more  than  1°C. 
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Like  many  other  seeds  and  fruits,  the  achenes  of  Chloris  ciliata 
gradually  aftor-ripen  with  dry  storage,  the  process  being  completed 
in  8  months  (21,  23).  Non-after-ripened  achenes,  at  the  optimum 
temperature,  33°  to  34°C.,  required  light  for  germination  if  they  were  in 
the  hulls  (palea  and  lemma).  The  germination  in  light  was  not  complete, 
but  improved  as  after-ripening  progressed.  Completely  after-ripened 
achenes  in  the  hulls  gave  about  16  per  cent  germination  in  darkness  at  the 
optimum  temperature  and  about  80  per  cent  in  daylight.  Partially 
after-ripened  achenes  with  the  hulls  removed  were  also  favored  by  light; 
about  55  per  cent  germinated  in  darkness  at  the  optimum  temperature, 
and  90  per  cent  in  light.  Fully  after-ripened  achenes  -v^dth  the  hulls 
removed  germinated  completely  both  in  light  and  in  dark. 

Light  favored  germination  (22,  27)  only  at  temperatures  above 
22°C.,  was  indifferent  at  or  near  22°C.,  and  inhibited  germination 
below  this  temperature.  At  22°C.,  however,  the  effect  of  light  was 
modified  by  the  stage  of  after-ripening;  achenes  after-ripened  2  months 
were  favored  by  light,  those  after-ripened  5  months  were  indifferent  to 
light,  and  those  after-ripened  17  months  were  inhibited  by  light. 

High  light  intensities  (21)  were  more  favorable  to  germination 
of  Chloris  ciliata  than  low  intensities,  but  as  after-ripening  progressed, 
the  lower  limit  of  intensity  required  for  germination  dropped,  and 
the  duration  of  any  given  light  intensity  necessary  to  increase  germina- 
tion fell.  Illumination  of  the  achenes  with  the  hulls  intact  for  one 
or  more  days  followed  by  continuous  darkness  favored  subsequent 
germination  at  the  optimum  temperature.  Since  the  first  day's  illumina- 
tion increased  germination  much  more  than  the  second  or  later  day's, 
increase  in  germination  was  not  proportional  to  the  amount  of  light 
applied.  Diffuse  light  for  1  to  4  hr.  increased  later  germination  in 
darkness  9  to  19  per  cent,  and  direct  sunlight  for  2  hr.  increased  germina- 
tion 36  per  cent. 

Achenes  with  the  hulls  intact  were  so  sensitive  to  darkness,  especially 
in  the  first  stages  of  germination,  that  Gassner  (21)  obtained  10  to 
16  per  cent  higher  germination  with  daylight  if  the  achenes  were  put  into 
the  germinator  in  the  morning  rather  than  in  the  evening.  Longer 
periods  in  a  dark  germinator  with  the  hulls  intact  even  at  temperatures 
favorable  for  germination  in  light  made  the  achenes  "dunkelhart," 
that  is,  incapable  of  later  germination  in  light.  Subminimal  tempera- 
tures, 6°  to  10°C.,  in  dark  germinators  for  16  days  did  not  make  Chloris 
achenes  "dunkelhart"  or  injure  their  germinating  power  in  any  way. 
Three  to  11  days  in  a  germinator  at  0°C.  injured  the  achenes  somewhat 
and  the  injury  increased  with  time.  Gassner  beheved  this  low-tem- 
perature injury  was  due  to  the  tropical  nature  of  the  plant.  "Dunkel- 
hart" achenes  could  be  forced  to  prompt  germination  by  application  of 
nitrates,  by  the  use  of  soil  as  a  substratum  (23),  or  by  breaking  the  fruit 
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coat  over  the  embryo.  In  this  respect  "  dunkelhart "  achenes  of  Chloris 
acted  Hke  "lichthart"  seeds  of  Nigella  saliva  (46,  page  269). 

Gassner  (27)  found  that  if  imbibed  light-favored  achenes  were  exposed 
to  an  effective  dose  of  light,  dried  for  a  long  period,  and  then  placed  in  a 
dark  germinator,  the  favoring  effect  of  the  light  still  persisted.  This 
latent  light  effect  was  easier  to  demonstrate  with  Ranunculus  sceleratus 
seeds  for,  while  they  are  modified  by  light  at  28°C.  constant,  they  will 
germinate  in  light  only  at  intermittent  temperatures.  It  was  demon- 
strable, nevertheless,  with  Chloris  achenes.  Gassner  believed  this 
latent  light  effect  proved  that  light  did  not  act  as  a  releasal  stimulus 
but  brought  about  some  permanent  biochemical  change  which  lasted 
during  a  long  period  of  dry  storage. 

As  noted  above,  after-ripened  achenes  with  hulls  removed  germinated 
equally  well  in  light  and  dark  at  high  temperatures,  but  if  the  hulls  were 
intact,  they  were  greatly  favored  by  light.  Achenes  with  hulls  intact 
germinated  readily  in  darkness  in  a  full  atmosphere  of  oxygen;  conse- 
quently, Gassner  (23)  concluded  that  the  hulls  lowered  the  oxygen  supply 
to  the  embryo  and  thereby  prevented  germination.  The  hulls  changed 
the  achenes  to  light  requirers  by  restricting  the  oxygen  supply.  Gassner 
changed  after-ripened  achenes  with  the  hulls  removed  to  light  requirers  by 
wrapping  them  tightly  in  wet  filter  paper.  He  concluded  that  the  wet 
filter  paper  reduced  the  supply  of  oxygen  to  the  achenes.  Removing  the 
hulls  aided  germination  at  both  constant  and  alternating  temperatures. 

Daily  intermittent  temperatures  (22)  were  effective  in  forcing  the 
germination  of  after-ripened  Chloris  achenes  with  hulls  intact  but  had  no 
effect  on  such  achenes  with  the  hulls  removed,  for  the  removal  of  the 
hulls  alone  gave  good  germination.  Intermittent  temperatures  were  not 
effective  with  non-after-ripened  achenes  or  "dunkelhart"  achenes, 
but  their  effectiveness  rose  with  the  degree  of  after-ripening  of  the  achenes 
that  were  not  "dunkelhart."  The  best  daily  intermittent  temperatures 
had  a  large  difference  between  the  low  and  high  temperatures  with  the 
low-temperature  period  long  in  comparison  with  the  high  period.  The 
intermittent  temperature  of  12°C.  for  19  hr.  daily  and  28°C.  for  5  hr. 
was  much  more  effective  in  forcing  germination  in  darkness  than  12°C. 
for  5  hr.  and  28°C.  for  19  hr.  Gassner  believed  that  daily  intermittent 
temperatures  increased  the  oxygen  supply  to  the  embryo,  favoring 
germination  by  the  same  means  as  removal  of  the  hulls.  At  the  low 
temperature  oxygen  accumulated  in  the  achene  because  of  its  higher 
solubility  at  this  temperature  and  because  of  low  respiration.  The 
high  temperature  with  the  high  oxygen  supply  favored  quick  germination. 
Gassner  (23,  25,  26)  found  that  Knop's  solution  displaced  the  need  of 
light  for  the  germination  of  Chloris  achenes.  It  was  effective  at  all 
temperatures  that  permitted  germination,  while  Ught  was  favorable  only 
at  temperatures  above  22*0.     Table  1  shows  the  favoring  action  of 
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Knop's  solution  on  the  germination  of  partially  after-ripened  achenes  in 
darkness  at  various  temperatures: 


Table  1 


Temperature,  °C. 

12 

15  to  16 

19 

24 

28 

33  to  34 

Water,  %  germinated 

0 
34 

6.5 
90 

21 
98 

36 
99 

59 
98 

62 

Knop's  solution,  %  germinated  .... 

98.5 

After-ripened  achenes  with  the  hulls  intact  yielded  results  with  water, 
Knop's  solution,  and  soil,  as  shown  in  Table  2. 


Table  2 


Temperature,  °C. 


Water,  %  germinated 

Knop's  solution,  %  germinated , 
Soil,  %  germinated 


19 


19 

89.5 

87 


24 


17.5 

92 

91 


28 


14 

85.5 

81 


33  to  34 


14.5 

83 

77.5 


Calcium  nitrate  was  the  constituent  of  Knop's  solution  that  forced 
germination  in  darkness.  The  chlorides,  sulphates,  and  phosphates  had 
no  effect  on  germination  except  an  injurious  effect  at  high  concentrations. 
All  nitrogen  compounds  tested  (ammonium  salts,  various  nitrates 
and  nitrites,  nitric  acid,  and  urea)  were  effective  in  forcing  Chloris 
achenes  in  darkness  and  Gassner  believed  the  stimulating  action  of  soil 
was  due  to  the  soluble  nitrogen  compounds  it  contained.  The  best 
concentration  of  KNO3  was  about  0.05  mol.,  and  of  HNO3  between 
0.001  and  0.01  mol.  The  minimum  effective  concentration  of  the 
N  compounds  ranged  from  0.001  to  0.0001  mol. 

Nitrogen  compounds  favored  the  germination  of  light-favored  seeds 
of  Ranunculus  sceleratus  and  Oenothera  biennis  in  darkness  if  certain  other 
conditions  were  supplied.  According  to  Gassner,  acids  do  not  substitute 
for  light  in  these  seeds,  although  they  do  in  Epilohium  hirsutum  (68) 
and  some  others.  Gassner  spoke  of  two  classes  of  light-favored  seeds: 
those  in  which  nitrogen  compounds  replaced  light  and  those  in  which 
acids  replaced  light. 

Gassner  (27)  studied  the  permeability  of  the  coats  of  Chloris  ciliata 
achenes  to  iodine  and  KNO3.  Iodine  in  water  solution  entered  the  coats 
rather  readily,  the  coats  at  the  embryo  end  being  more  permeable  than 
at  the  distal  end.  On  the  other  hand,  KNO3  in  water  solution  did  not 
pass  through  the  intact  coats  of  the  achene  at  all.  The  experiment 
showed  that  nitrates  substituted  for  light  as  a  germination  promoter 
without  actually  entering  the  living  part  of  the  achene.  This  fact  was 
important  to  Gassner  in  shaping  his  explanation  of  the  mechanics  by 
which  light  and  darkness  modify  the  germination  of  Chloris  achenes. 


800  BIOLOGICAL  EFFECTS  OF  RADIATION 

Because  of  the  latent  effect  of  light  on  Chloris  achenes  and  Ranunculus 
seeds,  and  because  of  the  failure  of  the  Fechner  law  to  apply,  Gassner 
believed  that  light  did  not  act  as  a  releasal  process  or  stimulus  in  the  sense 
of  Pfeffer  or  Jost.  He  also  considered  untenable  Lehmann  and  Otten- 
walder's  conception  that  light  had  a  direct  or  indirect  catalytic  effect  on 
the  seed,  thereby  increasing  the  mobilization  of  reserve  materials.  The 
catalytic  conception  would  not  explain  the  effectiveness  of  nitrates  with- 
out their  entering  the  achenes,  or  the  production  of  a  "dunkelhart" 
condition  in  the  dark  germinator.  Gassner  thought  that  unfavorable 
conditions  in  the  germinator  brought  about  a  change  in  the  achene  coats 
which  prevented  later  germination  even  under  favorable  conditions.  He 
spoke  of  this  as  the  "Hemmungsprinzip."  Any  condition  causing  quick 
germination  did  not  give  the  change  in  the  coats  time  to  occur.  Among 
these  conditions  were  high  light  intensity  along  with  high  temperature, 
absence  of  the  hulls,  high  partial  oxygen  pressure,  nitrogen  compounds  in 
the  substratum,  and  suitable  intermittent  temperatures. 

In  his  work  Gassner  did  not  explain  how  light  overcame  the  limited 
oxygen  supply  caused  by  the  hulls.  Aside  from  a  change  in  color  he  did 
not  define  any  change  in  the  coats  produced  during  a  period  in  the  dark 
germinator.  He  failed  to  determine  whether  the  embryo  was  modified 
by  the  period  in  the  dark  germinator  so  that  it  became  incapable  of  later 
overcoming  the  resistance  of  the  coat  to  germination.  Changes  occurring 
in  both  the  coats  and  embryos  during  the  period  in  the  dark  germinators 
were  possible  to  investigate  and  should  have  been  investigated.  Davis 
(15)  showed  that  embryos  of  Xanthium  seeds  with  coats  intact  could  be 
thrown  into  a  partially  dormant  state  by  certain  unfavorable  conditions 
in  the  germinator.  The  partially  dormant  embryos  would  not  grow  when 
the  coats  were  intact  even  under  favorable  conditions,  and  grew  very 
tardily  when  the  coats  were  removed.  Davis  (14)  obtained  similar  but 
more  striking  effects  with  naturally  dormant  but  after-ripened  embryos 
of  Ambrosia  when  they  were  placed  in  a  germinator  with  the  coats  intact 
at  28°C.  or  above.  In  both  of  these  seeds  high  oxygen  pressure  forced 
germination  if  the  embryos  were  not  dormant,  and  the  seed  coats  were 
intact. 

Gassner  (21,  pages  364,  504  to  512)  studied  the  effect  of  light  and  other 
conditions  upon  the  germination  of  the  achenes  of  three  other  grasses 
of  the  pampas.  The  germination  of  Chloris  distichophylla  was  favored 
by  light,  and  the  germination  was  improved  in  both  light  and  dark  by 
after-ripening  in  dry  storage.  The  optimum  temperature  for  germination 
was  between  35°  and  40°C.,  the  minimum  about  25°C.,  and  the  maximum 
45°C.  Chloris  distichophylla  achenes  were  not  so  sensitive  to  a  dark 
germinator  as  those  of  Chloris  ciliata.  Stenotaphrum  glahrum  achenes 
were  favored  only  sUghtly  by  light.  Like  all  the  pampas  grasses  men- 
tioned in  this  section,  they  are  attuned  to  high  temperatures:  minimum 
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20*C.,  optimum  between  30*  and  37''C.,  and  maximum  40°C.  Unlike 
the  other  pampas  grasses  mentioned,  the  germination  of  achenes  of 
Paspalum  dilatatum  was  not  favored  by  Hght,  but  was  improved  by  a 
period  in  a  low-temperature  germinator  followed  by  a  constant  high 
temperature.  They  were  after-ripened  in  dry  storage,  and  the  speed  of 
after-ripening  was  increased  by  drying  for  several  days  at  55°C. 

The  diverse  germination  behavior  of  achenes  of  these  four  species  of 
pampas  grasses  growing  in  identical  habitats  indicates  that  no  strict  rela- 
tion exists  between  the  habitat  of  a  plant  and  its  need  of  light  for 
germination. 

Poa. — In  1878  Wagner  (55)  found  that  light  had  a  marked  stimulating 
effect  on  germination  of  Poa  achenes.  Stebler  (92)  confirmed  and 
extended  his  results.  Nobbe  (80)  obtained  slightly  lower  germination  of 
Poa  achenes  in  light  than  in  darkness.  Because  of  the  importance  of  the 
blue  grasses  in  pastures  and  lawns  the  effect  of  light  upon  germination  of 
these  achenes  has  received  the  attention  of  many  later  investigators. 
Results  are  not  in  agreement,  largely  because  other  factors  modifying 
light  sensitiveness  were  not  fully  investigated,  but  all  workers  since 
Nobbe  have  agreed  that  under  certain  conditions  light  favors  the  germina- 
tion of  Poa  achenes. 

Jonsson  (45)  w^as  the  first  to  show  that  the  need  of  light  for  germina- 
tion fell  as  the  seeds  after -ripened  in  dry  storage.  In  tests  at  various 
dates  beginning  October  1,  1891,  dry-stored  Poa  pratensis  achenes  in 
light  and  dark  at  20°C.  gave  the  following  percentage  germination: 

Table  3 


Date 

Germinated,  per  cent 

Light 

Dark 

Oct.  1,  1891 
Nov.  12,  1891 
Jan.  3,  1892 
Mar.  30,  1892 
May  21,  1892 
June  8,  1892 
Sept.  9,  1892 

88 
85 
87 
89 
82 
85 
80 

1 
7 
11 
39 
44 
67 
78 

Jonsson  received  similar  results  with  Poa  trivialis  achenes. 

Reiling  (87)  confirmed  Jonsson's  results  and  showed  that  the  degree 
of  maturity  of  the  achenes  at  time  of  harvest  as  well  as  the  duration  of 
dry  storage  determined  their  germination  capacity  at  20°C.  in  darkness. 
Pickholz  (84)  found  that  the  percentage  germination  was  inversely  pro- 
portional to  the  water  content  of  the  achenes  during  storage.  Hite  (44) 
and  Maier  (71)  also  confirmed  Jonsson's  results  on  the  effect  of  after- 
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ripening  on  the  light  requirement  of  Poa  achenes.  Maier  maintained, 
however,  that  although  fully  after-ripened  achenes  could  germinate 
completely  without  light,  they  were  even  more  sensitive  to  Ught  than 
non-after-ripened  achenes,  for  a  dosage  of  hght  too  small  to  favor  the 
germination  of  non-after-ripened  achenes  hastened  the  germination  of 
after-ripened  achenes. 

According  to  Gassner  (28)  germination  of  Poa  achenes  was  favored 
by  daily  intermittent  temperatures  whether  the  hulls  were  intact  or 
removed.  Maier  (71)  found  that  light  favored  germination  of  achenes 
with  hulls  intact  or  removed,  but  that  removal  of  the  hulls  increased 
germination  and  light  sensitivity  of  the  achenes.  Andersen  (1)  got 
considerably  higher  germination  both  in  light  and  darkness  when  the 
hulls  were  removed  and  the  achenes  were  moistened  with  water  and 
germinated  at  the  intermittent  temperature  20°  to  30°C.  While  the 
hulls  of  Poa  modify  somewhat  the  light  sensitiveness  and  germination 
of  the  achenes,  they  play  no  such  an  important  role  as  do  the  hulls  of 
Chloris. 

Nitrogen  compounds  have  been  shown  to  favor  the  germination  of 
Poa  achenes  to  a  marked  degree.  With  many  samples  of  Poa  corrvpressa, 
Toole  (95,  96)  obtained  complete  germination  of  the  achenes  only  when 
intermittent  temperatures  were  supplemented  by  exposures  to  light  and 
to  a  0.2  per  cent  KNO3  solution.  Nelson  (73)  found  that  next  to  inter- 
mittent temperatures  KNO3  was  most  effective  in  forcing  germination  of 
Poa  achenes.  Potassium  nitrate,  NaNOa,  and  Ca(N03)2  were  effective 
in  the  order  named.  Germination  was  depressed  by  0.1  and  0.01  per 
cent  Pb(N03)2,  also  by  NaN02  and  KNO2,  but  NH4NO3  was  as  effective 
as  KNO3.  The  nitrogen  compounds  most  effective  on  filter  paper  were 
least  effective  in  the  soil.  Pb(N03)  and  Pb(N02)  were  very  effective 
in  soil.  Hite  (43)  and  Maier  (71)  also  found  nitrates  favorable  to  the 
germination  of  Poa  achenes.  Andersen  (1)  germinated  achenes  of 
Poa  pratensis  in  light  and  darkness  at  daily  intermittent  tempei-atures 
(18  hr.  at  20°C.  and  6  hr.  at  30°C.),  wetting  some  achenes  with  water 
and  others  with  N/50  KNO3.     Her  results  were  as  follows: 


Table  4 


Condition 


Light .... 
Darkness . 


Germination  percentages 


With  water 


60  to  70 
20  to  30 


With  KNO, 


90  to  95 
80  to  85 


Increased  partial  oxygen  pressures  (28)  did  not  increase  germination 
of  Poa.     Germisan  hastened  and  increased  germination  (77),  especially 
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if  accompanied  by  intermittent  temperatures  and  light.  Maier  (71) 
found  acids  favorable.  There  has  been  considerable  disagreement 
about  the  best  substratum  to  use  in  combination  with  intermittent 
temperatures,  light,  or  nitrates  in  testing  Poa  achenes.  Pieper  (85) 
found  blotting  paper  or  sand  with  60  per  cent  moisture  capacity  best 
for  Poa  pratensis.  Laschke  (59)  used  clay,  sand,  or  wood  felt  with 
more  success  than  blotters.  Kling  (53)  recommended  clay  pots  rather 
than  Petri  dishes  or  blotting  paper.  Finally  Goss  (29)  stated  that 
Petri  dishes  gave  consistently  low  results,  while  the  achenes  germinated 
well  on  or  between  blotters. 

All  investigators  (9,  28,  43,  45,  52,  69)  agreed  that  Poa  achenes  germi- 
nated poorly  at  constant  temperatures,  especially  in  a  partly  after-ripened 
condition  and  in  the  absence  of  light,  but  that  proper  daily  intermittent 
temperatures  were  very  effective.  In  fact,  some  workers  (28,  43,  52, 
95,  96)  considered  intermittent  temperatures  superior  to  KNO3  solutions 
or  even  light  in  promoting  the  germination  of  achenes  of  this  genus. 
Toole  stated  that  for  complete  germination  the  usual  samples  of  Poa 
pratensis  did  not  require  exposure  to  light  or  treatment  with  KNO3 
solution  in  addition  to  intermittent  temperatures,  but  that  many  samples 
of  Poa  compressa  required  both  of  these  in  addition  to  intermittent 
temperatures.  Contrary  to  the  results  of  Toole  and  Gassner,  Maier 
(71)  found  that  light  generally  favored  the  germination  of  Poa  achenes 
in  both  intermittent  and  constant  temperatures,  and  that  for  P.  nemoralis 
and  some  other  Poa  species  the  effect  of  light  even  surpassed  that  of  alter- 
nating temperatures.  There  was  considerable  disagreement  concerning 
the  intermittent  temperatures  that  were  most  effective.  Toole  spoke 
of  20°C.  for  18  hr.  of  the  day  and  30°C.  for  6  hr.  of  the  day  as  being  highly 
effective.  Gassner  found  that  the  period  at  the  lower  temperature  must 
be  much  longer  than  the  period  at  the  high  temperature.  He  obtained 
very  good  results  with  long  intermittent  temperature  periods,  such  as 
seven  days  at  12°C.  and  one  day  at  24°  to  28°C.,  and  he  concluded  that 
the  low  temperature  must  act  about  seven  times  as  long  as  the  high 
temperature  to  get  the  maximum  effect.  This  held  for  many  combina- 
tions, including  daily  intermittent  temperatures. 

Many  investigators  (31,  32,  46,  84)  found  direct  sunlight  far  more 
effective  in  favoring  the  germination  of  Poa  achenes  than  diffuse  light. 
This  fact  no  doubt  led  various  workers  to  believe  that  the  light  action  was 
due  to  intermittent  temperatures,  the  high-temperature  periods  coming 
at  the  time  of  illumination.  Maier's  recent  work,  however,  indicated 
that  light  as  such  has  some  effect,  for  Poa  nemoralis  achenes  were  stimu- 
lated somewhat  by  a  1-min.  exposure  to  200  meter-candles  of  light,  and 
P.  pratensis  achenes  by  a  few  seconds  of  illumination. 

Kinzel  (51,  pages  6  and  7)  studied  the  effect  of  different  portions  of 
the  visible  spectrum  and  of  darkness  upon  the  germination  of  P.  pratensis 
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achenes.  His  results  are  reported  in  Table  5.  Samples  I  and  III 
were  commercial  samples  from  America.  Samples  II  and  IV  were 
collected  at  Munich ;  II  ripened  in  sunny  weather,  and  IV  in  rain.  Figures 
give  germinations  in  one  month,  except  those  in  parentheses  which  are 
for  two  months.  All  temperatures  were  intermittent  (20°C.  18  hr. 
daily  and  30°C.  6  hr.)  except  the  one  designated,  which  was  constant 
at  20°C. 

Table  5 


Light  condition 


Darkness . . 

Light 

Dark  red.  . 
Orange .... 
Yellow.... 

Green 

Bright  bkie 
Dark  blue . . 
Dark  violet 


I 


36 

49  (66) 
21  (70) 
52  (65) 
12  (63) 
62  (77) 
34  (68) 
0  (62) 
0  (27) 


I  (20°) 


0 

47  (70) 
24  (70) 
65  (70) 
13  (61) 
75  (79) 
32  (73) 
0  (65) 
0  (30) 


II 


96 
91 
90 
89 
92 
90 
89 
88 
89 


III 


85 
97 
86 
95 
97 
90 
57 
27 
43 


IV 


92 
90 

86 
93 
91 

87 
83 
88 
83 


Darkness  gave  better  germination  in  samples  II  and  IV  than  the  full 
visible  spectrum  and  somewhat  poorer  results  in  the  other  two  samples. 
Light  was  more  effective  than  the  red  end  of  the  spectrum.  Blue  and 
violet  rays  were  very  unfavorable  in  samples  I  and  III  even  with  alter- 
nating temperatures,  but  in  samples  II  and  IV  the  short  end  of  the 
spectrum  showed  little  decrease  in  germination.  This  work  again  showed 
the  significance  of  intermittent  temperatures  and  the  extent  to  which 
they  dominate  light  effects. 

Several  attempts  have  been  made  to  explain  the  mechanism  by  which 
light  favors  germination  of  Poa  achenes,  but  no  explanation  except  the 
first  mentioned  below  has  been  supported  by  enough  facts  to  justify 
its  serious  consideration.  Much  of  the  effect  of  direct  sunlight  doubt- 
less is  due  to  its  producing  favorable  intermittent  temperatures,  as  several 
authors  (31,  32,  46,  84)  believed.  Diffuse  Ught  and  artificial  light  of 
low  intensity  increased  germination  somewhat.  It  is  not  likely  that  they 
had  their  effect  by  producing  intermittent  temperatures.  Reiling  (87) 
suggested  that  light  transformed  and  activated  the  reserve  materials  of 
the  endosperm,  but  he  did  not  get  convincing  evidence.  Gassner  (28) 
thought  that  in  Poa  light  prevented  the  development  of  the  "Hem- 
mungsvorgiinge,"  as  he  believed  it  did  in  Chloris  achenes.  Kummer  (58) 
claimed  that  grass  achenes  with  fats  having  a  low  acid  number  needed 
light,  while  achenes  with  fats  having  a  high  acid  number  germinated  in 
darkness.  This  iield  even  for  seeds  of  the  same  species.  The  various 
hypotheses  offered  above  for  explaining  the  action  of  light  are  worthy 
of  investigation  but  are  by  no  means  established. 
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It  is  interesting  to  compare  Chloris  and  Poa  as  to  the  effect  of  other 
factors  on  the  favoring  action  of  hght.  In  both,  after-ripening,  inter- 
mittent temperatures,  and  N-compounds  are  effective  Hght  substitutes. 
In  both,  no  proportionaUty  exists  between  the  dosage  of  light  and 
the  extent  of  its  influence  upon  germination.  In  Chloris  the  hulls  play 
a  major  part  in  the  light  need,  and  in  Poa  a  rather  minor  part.  High 
partial  oxygen  pressures  are  very  effective  in  forcing  Chloris  achenes 
in  darkness  with  the  hulls  intact,  but  they  have  no  effect  on  Poa. 
Chloris  becomes  "dunkelhart"  in  a  dark  germinator  furnishing  poor 
conditions  for  germination.  This  apparently  is  not  the  case  with  Poa. 
The  coats  of  Chloris  achenes  are  impermeable  to  KNO3  in  water  solution, 
although  it  is  an  effective  substitute  for  light.  Adequate  data  are 
lacking  on  the  permeability  of  Poa  coats. 

Although  no  other  grasses  have  been  studied  as  thoroughly  as  Poa 
and  Chloris  in  respect  to  the  effect  of  light  on  germination,  many  other 
grasses  have  received  some  attention  in  this  regard.  Except  for  the 
cultivated  cereals  (Avena,  Hordeum,  Secale,  Triticum,  and  Zea),  which 
are  indifferent  to  light,  the  germination  of  most  grasses  is  favored  by 
light  under  some  condition  or  other.  The  effect  of  light  on  germination 
of  grass  achenes  is  reviewed  by  Lehmann  and  Aichele  (66,  pages  432  to 
461).  Of  56  species  reported  by  them,  36  species  were  favored  by  light, 
6  species  were  favored  by  darkness,  mainly  after  long  dry  storage,  and 
22  species,  including  the  cultivated  cereals,  were  indifferent  to  light. 
The  disagreement  between  the  total  number  of  species  mentioned  above 
and  the  sum  of  the  figures  for  the  three  categories  is  due  to  the  fact  that 
certain  species  were  favored  by  light  under  some  conditions  and  indiffer- 
ent to  light  or  favored  by  darkness  under  other  conditions. 

Ranunculus  sceleratus. — Many  investigators  have  shown  that  the 
germination  of  Ranunculus  sceleratus  achenes  is  greatly  favored  by  light. 
According  to  Niethammer  (76)  4  months'  dry  storage  modified  germina- 
tion in  both  light  and  darkness.  Lehmann  (60),  however,  indicated  that 
10  months'  after-ripening  was  necessary  for  germination  in  darkness. 
Pricking  the  coats  (81)  with  a  pin  did  not  increase  germination.  The 
coat  effects,  however,  need  a  more  critical  study. 

Contrary  to  Lehmann's  early  results,  Gassner  (26)  found  that  light 
did  not  force  Ranunculus  sceleratus  seeds  unless  accompanied  by  inter- 
mittent temperatures,  and,  conversely,  that  intermittent  temperatures 
were  only  moderately  effective  without  light.  He  considered  the  best 
daily  intermittent  temperatures  those  with  large  differences  between  the 
low  and  high  temperatures  and  with  the  long  period  at  the  low  tempera- 
ture. There  was  little  germination  in  darkness  at  any  constant  tempera- 
ture (27),  but  the  intermittent  temperatures  of  28°C.  (4  hr.  daily)  and 
12°C.  (20  hr.  daily)  gave  50.3  per  cent  germination  in  darkness  and  87 
per  cent  in  light;  the  intermittent  temperatures  of  28°C.  (4  hr.  daily) 


806  BIOLOGICAL  EFFECTS  OF  RADIATION 

and  19°C.  (20  hr.  daily)  gave  only  60.5  per  cent  germination  in 
light. 

The  latent  light  effect  was  easily  demonstrated  with  these  seeds,  since 
they  could  be  exposed  to  light  at  28°C.  without  germination.  The 
imbibed  seeds  were  exposed  to  light  for  various  periods,  then  dried  for 

3  to  7  days  in  darkness,  and  finally  placed  in  dark  germinators  at  favorable 
intermittent  temperatures.  Those  that  had  been  in  a  dark  germinator 
before  drying  gave  14  per  cent  germination,  those  previously  exposed  to 
diffuse  daylight,  61  per  cent,  and  those  previously  exposed  to  continuous 
artificial  light  of  600  N.  K.^  intensity  70  per  cent  germination.  The 
effect  was  shown  even  after  a  week's  drying.  Gassner  concluded  that 
light  did  not  act  as  a  releasing  stimulus  on  this  seed,  but  that  it  caused 
biochemical  changes  which  remained  effective  even  after  considerable 
periods  of  drying. 

Lehmann  (60),  Ottenwalder  (81),  and  Gassner  (26)  found  that  dilute 
HCl  and  H2SO4  did  not  force  Ranunculus  sceleratus  seeds,  and  Lehmann 
observed  that  solutions  of  H2O2  and  Fe2Cl6  had  no  action.  On  the  other 
hand,  Lehmann  found  1  per  cent  Knop's  solution  very  favorable  to  the 
germination  of  these  achenes  in  darkness  at  20°C. ;  he  got  80  to  92  per  cent 
germination  in  darkness  with  Knop's  solution,  0  per  cent  in  darkness 
with  water,  and  78  per  cent  in  light  with  water.  Knop's  solution  was  not 
effective  at  15°C.  Gassner  (26)  later  found  Knop's  solution  very  effec- 
tive in  darkness  both  above  and  below  20°C.,  especially  when  favorable 
intermittent  temperatures  were  used.  Gassner  showed  that  the  favorable 
action  of  Knop's  solution  was  due  to  its  nitrate  content  and  that  other 
salts  of  the  solution  were  without  influence.  Various  other  nitrogen 
compounds  (nitrates,  nitrites,  ammonium  salts,  nitric  acid,  and  urea) 
were  effective  also.  Lehmann  (60)  concluded  that  the  action  of  soils  in 
forcing  germination  in  darkness  was  due  to  the  soluble  nitrogen  com- 
pounds present. 

Onagraceae. — Kinzel  (51,  page  46)  stated  that  seeds  of  the  family 
Onagraceae  were  light-favored.  Considerable  work  has  been  done  on 
several  species  of  Epilohium  and  some  work  on  Oenothera.  Kinzel 
found  that  alpine  species  of  Epilohium  were  slow  to  germinate.  One 
lot  of  E.  trigonum  seeds  (50)  gave  100  per  cent  germination  in  light  in 

4  months  and  53  per  cent  in  darkness  in  11  months.  In  another  lot  (51, 
page  46)  germination  was  completed  in  light  after  6  months  and  in 
darkness  after  18  months.  Niethammer  (75)  found  seeds  of  E.  parvi- 
florum  light-obligates,  even  after  6  months  of  dry  storage.     Fresh  seeds 

*  The  German  authors  cited  in  this  paper  have  used  three  different  Ught  units: 
Normal  German  candle,  N.  K.;  Hefner  candle,  H.  K.;  and  Meter  candle,  M.  K.  The 
values  of  these  in  international  foot-candles  are:  N.  K.  =  1.11  international  foot- 
candles;  H.  K.  =  0.9  international  foot-candle;  and  M.  K.  =  0.0926  international 
foot-candle. 


EFFECTS  UPON  GERMINATION 


807 


of  E.  angustifolium  gave  some  germination  in  darkness  and  good  germina- 
tion in  light,  while  seeds  stored  dry  for  6  months  germinated  equally  well 
in  light  and  dark.  According  to  Lehmann  (63),  properly  after-ripened 
E.  hirsutum  germinated  well  in  darkness  at  20°  to  25°C.  In  Axentieff's 
(3)  experiments  seeds  of  E.  hirsutum  at  14°  to  18.5°C.  germinated  equally 
well  in  light  and  darkness  if  the  coats  were  pricked  with  a  pin  to  admit 
sufficient  oxygen.  Pricking  the  coats  improved  germination  even  in 
light.  According  to  Bihlmeier  (7)  soaking  E.  hirsutum  seeds  more  than 
8  hr.  reduced  their  light  sensitiveness,  but  this  effect  was  overcome  by 
increasing  the  period  of  illumination. 

Both  Lehmann  (61)  and  Gassner  (24)  found  that  high  constant 
temperatures  favored  the  germination  of  E.  hirsutum  in  darkness. 
Fassbender  (16),  on  the  other  hand,  claimed  that  high  constant  tem- 
peratures had  no  favoring  action  in  darkness  and  he  found  intermittent 
temperatures  effective  in  displacing  the  need  for  light.  Gassner  showed 
daily  intermittent  temperatures  to  be  more  favorable  than  the  best 
constant  temperature,  especially  if  the  low  temperature  was  used  for  the 
long  period.     Gassner's  results  with  Epilohium  are  given  in  Table  6. 

Table  6 


Light  condition  and 

Germination  percentages 

temperature 

E.  roseum 

E.  hirsutum 

In  diffuse  light: 

19°C. 

92.5 

99.0 

28°C. 

90.0 

98.0 

In  darkness: 

12°C. 

0.5 

0 

19°C. 

29.0 

10.0 

24°C. 

33.5 

27.5 

28°C. 

45.5 

82.5 

28°  (4  hr.)  12°  (20  hr.) 

88.5 

100.0 

12°  (4  hr.)  28°  (20  hr.) 

66.5 

97.5 

28°  (4  hr.)  19°  (20  hr.) 

84.5 

100.0 

19°  (4  hr.)  28°  (20  hr.) 

61.5 

92.5 

As  is  evident  from  Table  6,  daily  intermittent  temperatures  proved 
highly  effective  as  a  substitute  for  light. 

In  Fassbender's  (16)  work  dilute  HCl  had  little,  if  any,  effect  on  seeds 
of  E.  hirsutum  unless  combined  with  daily  intermittent  temperatures  or 
short  exposures  to  light.  Hesse  (41)  showed  that  dilute  HCl  and  H2SO4 
at  22°C.  in  darkness  did  not  increase  the  germination  of  seeds  of  E. 
angustifolium,  E.  roseum,  E.  hirsutum,  or  E.  montanum,  but  that  dilute 
HNO3  and  other  nitrogen  compounds  favored  germination  of  these  seeds 
under  the  same  conditions.     Gassner  (25)  had  previously  found  N  com- 
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pounds  in  darkness  favorable  to  the  germination  of  some  crops  of 
Epilohium  and  indifferent  to  others.  N  compounds  evidently  are  far 
less  effective  substitutes  for  light  with  the  germination  of  Epilohium 
seeds  than  with  Ranunculus  sceleratus  and  Chloris  ciliata  achenes,  while 
acids  as  such  have  little  action  on  any  of  them.  Lehmann  and  Otten- 
walder  (68)  found  that  dilute  solutions  of  pepsin,  papayotin,  and 
asparagin  favored  germination  of  E.  hirsutum  seeds  in  darkness,  and 
Niethammer  (74)  that  dilute  acetaldehyde  solutions  had  a  slightly 
stimulative  effect  on  E.  parviflorum  seeds. 

Using  an  Osram  lamp  as  a  hght  source  at  25°C.,  Ottenwalder  (81) 
exposed  imbibed  E.  hirsutum  seeds  to  light  and  then  placed  them  in 
darkness  (see  Table  7). 

Table  7 


Light  intensity 


70  H.  K.  light 
150  H.  K.  hght 
300  H.  K.  hght 


Germination  percentages 


96  hr.  exposure 


59 

66 
81.5 


72  hr. 


49 

61.5 

74 


48  hr. 


30.5 
38.5 
50 


Germination  rose  as  the  intensity  and  duration  of  illumination  increased. 
Even  light  of  Moo  H.  K.  for  95  hr.  increased  germination  noticeably. 
The  higher  the  constant  temperature,  the  less  light  was  needed  to  force 
germination.  Fassbender  (16)  also  found  that  the  effectiveness  of  light 
increased  with  the  intensity,  and  that  a  period  in  a  dark  germinator 
induced  a  "dunkelhart"  condition. 

According  to  Kinzel,  seeds  of  species  of  Epilohium  proved  to  be  light- 
obligates  at  low  temperatures  and  in  the  non-after-ripened  condition. 
He  (49)  showed  that  white  light  and  the  less  refrangible  half  of  the 
spectrum  were  very  effective  in  forcing  the  germination  of  E.  angusti- 
folium,  but  that  blue  light  was  less  favorable  than  darkness.  In  E. 
roseum  blue  light  was  superior  to  darkness. 

Lehmann  (63)  concluded  that  since  proteolytic  enzymes,  acids,  light, 
and  high  temperatures  acted  on  Epilohium  seeds  in  the  same  way,  they 
must  induce  hydrolysis  of  storage  proteins,  and  their  action  must  be 
catalytic.  This  conclusion,  however,  is  merely  hypothetical,  for  Leh- 
mann did  not  show  that  the  proteolytic  enzymes  actually  entered  the 
seeds  or  that  the  other  effective  agents  increased  the  hydrolysis  of 
proteins. 

According  to  Kinzel  (51,  Suppl.  I,  page  48)  Oenothera  biennis  seeds 
gathered  cither  half-ripe  or  ripe  gave  100  per  cent  germination  in  light 
after  9  months  at  20°C.  and  no  germination  in  darkness.  Ripe  seeds  of 
0.  muricata  (51,  Suppl.  II,  page  39)  behaved  similarly.     Takiguti  (93) 
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showed  that  the  germination  of  0.  odorata  and  0.  biennis  seeds  was  greatly 
accelerated  by  light,  but  that  with  dry  storage  of  7  months  or  longer  the 
germination  of  0.  odorata  improved  in  darkness. 

In  Oenothera  biennis,  0.  lamarckiana,  0.  suaveolens,  0.  muricata,  0. 
cockerelli,  and  0.  syrticola  (3,  81,  98)  the  seed  coats  interfered  with  water 
absorption.  This  interference  was  partially  overcome,  and  germination 
was  increased  considerably  by  pricking  the  coats  with  a  pin  or  subjecting 
the  seeds  to  a  water  pressure  of  8  atmospheres  for  3  days. 

Gassner  (26)  considered  Kinzel's  failure  to  get  germination  in  darkness 
due  to  the  low  temperatures  used.  He  germinated  0.  biennis  at  various 
constant  and  daily  intermittent  temperatures  with  results  given  in 
Table  8. 

Table  8 


Percentage  germination 

iemperatuic 

Light 

Dark 

12°C. 

0 

19°C. 

15.5 

0.5 

24°C. 

25 

28°C. 

91.5 

65 

12°  (20  hr 

.)  28' 

'  (4  hr.) 

24.5 

12°  (4  hr.)  28° 

(20  hr.) 

.... 

90 

The  combination  of  19°  and  28°C.  was  not  so  good  as  the  combination 
of  12°  and  28°C.  Takiguti  found  that  0.  odorata  seeds  germinated  well 
in  darkness  in  daily  intermittent  temperatures,  and  that  immature  seeds 
germinated  well  in  dark  at  about  10°C.  and  in  diffuse  light  at  about  20°C. 

Ottenwalder  obtained  22  per  cent  germination  of  0.  biennis  seeds  in 
darkness  using  0.006  mol.  HCl  and  none  without  acid.  Gassner  got 
increased  germination  of  these  seeds  with  solutions  of  N  compounds 
combined  with  intermittent  temperatures  although  the  most  effective 
intermittent  temperature  gave  maximum  germination  without  N  com- 
pounds. Takiguti  found  that  KNO3  solutions  stimulated  the  germina- 
tion of  0.  odorata  in  darkness. 

Lythrum. — According  to  Kinzel  (51,  Suppl.  I,  page  25)  Lythrum  sali- 
caria  seeds  in  a  germinator  at  20°C.  for  a  period  of  four  years  gave  100 
per  cent  germination  in  light  and  none  in  darkness.  L.  hyssopifolia  seeds 
gave  17  per  cent  germination  in  both  Ught  and  darkness  within  a  few 
weeks  and  no  further  germination  except  in  light.  In  a  later  test  of 
Kinzel's  (51,  Suppl.  II,  page  118)  L.  hyssopifolia  seed  in  an  illuminated 
germinator  for  2}^  years  germinated  gradually  to  92  per  cent.  The  slow 
germination  in  light,  and  the  failure  to  germinate  in  darkness  were  no 
doubt  due  to  the  low  temperature  used. 
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Lehmann  (64)  found  that  exposure  of  imbibed  Lythrum  salicaria  seeds 
to  730  H.  K.  of  light  for  0.1  sec.  at  30°C.  gave  50  per  cent  germination 
in  24  hr.,  against  6  to  7  per  cent  without  the  exposure  after  10  days. 
Lehmann  (65)  and  Lehmann  and  Lakshmana  (67)  showed  that  a  relation 
existed  between  the  germination  and  the  product  of  hght  intensity  and 
time  of  the  exposure.  This  law  applied  fully  at  31°C.  with  intensities 
of  5,  50,  and  100  M.  K.,  but  there  was  considerable  deviation  with  lower 
temperatures  or  higher  intensities  of  Hght.  The  deviations  from  the  law 
were  even  greater  when  temperatures  of  25°C.  or  lower  and  high  hght 
intensities  were  combined.  Within  Hmits  the  Talbot  law  also  applied, 
although  in  cases  where  the  dark  periods  between  exposures  were  long, 
the  individual  periods  of  illumination  proved  excessively  effective. 

Lehmann  concluded  that  since  these  two  laws  applied,  the  action  of 
light  was  upon  the  protoplasm.  One  must  remember,  however,  that  the 
product  law  applied  only  within  narrow  limits,  and  the  Talbot  law  showed 
one  limitation.  In  C Moris  Gassner  thought  that  Hght  acted  on  the  coat, 
while  Wieser  believed  both  effects  possible.  It  may  be  that  for  some 
seeds  the  action  of  light  is  upon  the  coats,  for  others  upon  the  protoplasm, 
and  for  still  others  upon  both  the  coats  and  protoplasm. 

Wieser  (102)  found  that  different  samples  of  L.  salicaria  seeds  varied 
greatly  in  their  need  of  Hght  for  germination,  and  that  only  imbibed 
seeds  were  affected  by  light.  He  also  observed  the  latent  Hght  effect 
in  these  seeds,  as  Gassner  had  in  Chloris  and  Ranunculus  achenes.  He 
concluded  that  the  variation  in  Hght  need  shown  by  different  samples  of 
seeds  might  be  due  to  the  variation  in  the  amount  of  light  exposure  the 
seeds  received  during  ripening  in  the  capsules  previous  to  drying  out. 

Various  investigators  (16,  25,  41,  65,  68,  81,  101)  agreed  that  weak 
acid  solutions  favored  the  germination  of  L.  salicaria  seeds  in  darkness, 
especially  if  combined  with  moderately  effective  intermittent  tempera- 
tures. Gassner  grouped  Lythrum  with  the  acid-type  of  Hght-favored 
seeds.  Nitrogen  compounds  (41,  81)  increased  germination  in  darkness. 
Increased  partial  oxygen  pressure  (8,  102)  did  not  increase  the  germina- 
tion in  light.  Wieser  found  that  light  forced  germination  only  during 
normal  respiration  and  not  during  intramolecular  respiration. 

Other  Seeds  Favored  by  Light. — The  sections  above  cover  the  light- 
favored  seeds  that  have  been  studied  in  greater  detail.  There  are  a 
number  of  other  seeds  that  have  received  considerable  attention,  but 
their  consideration  will  not  add  anything  in  fact  or  principle  that  will 
further  an  understanding  of  the  subject.  It  might  be  well,  however,  to 
summarize  briefly  the  extensive  work  of  Kinzel  (51).  He  studied  seeds 
or  fruits  of  964  species  of  plants  as  to  their  sensitiveness  to  light.  He 
used  rather  low  temperatures,  17°  to  20°C.,  and  did  not  try  most  of  the 
conditions  that  other  investigators  found  effective  as  substitutes  for  light. 
Because  of  the  restricted  conditions  under  which  he  made  these  studies 
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there  is  no  doubt  he  has  classified  many  seeds  as  requiring  or  being  favored 
by  hght  that  under  other  conditions  would  germinate  perfectly  without 
light.  Of  the  964  sorts  tested,  343  required  light  or  were  favored  by  light, 
128  were  favored  by  darkness,  271  responded  to  light  and  severe  frost 
(  — 20°C.),  95  to  darkness  and  severe  frost,  58  required  light  and  mild 
frost  (—2°  to  2°C.),  34  darkness  and  mild  frost,  and  35  were  indifferent. 
Of  the  964  sorts  used,  69.7  per  cent  were  light-favored,  26.6  per  cent  dark- 
favored,  and  3.5  per  cent  indifferent. 

SEEDS    THAT    ARE    INHIBITED   BY    LIGHT 

Phacelia  tanacetifolia. — As  previously  mentioned,  Phacelia  tanaceti- 
folia  seeds  were  amongst  the  first  investigated  (88)  in  which  germination 
was  hindered  by  light.  These  seeds  have  been  more  studied  than  any 
other  light-inhibited  seeds  as  to  their  light  sensitiveness  and  the  effect 
of  other  factors  upon  their  light  sensitiveness  and  germination.  All  the 
authors  cited  in  this  section  agree  that  light  reduced  the  speed  and  total 
germination  of  the  intact  seeds,  and  that  the  inhibiting  effect  increased 
with  rise  in  light  intensity. 

The  investigators  usually  w^orked  with  daylight,  which  meant  large 
variation  of  light  intensity  and  exposure  of  the  seeds  to  darkness  every 
night.  The  darkness,  of  course,  favored  germination.  Remer  (88), 
who  first  studied  the  effect  of  light  on  Phacelia  tanacetifolia  seeds,  found 
that  direct  sunlight  greatly  hindered  germination  and  that  the  inhibition 
lessened  as  the  light  intensity  decreased.  Magnus  (70),  using  1-year-old 
seeds,  obtained  90  per  cent  germination  in  darkness,  4  per  cent  at  a  north 
window,  and  40  per  cent  1  meter  from  a  north  window. 

Kuhn  (56)  and  NikoH(5  (78)  employed  constant  and  continuous 
artificial  light  sources.  In  Kuhn's  experiment  hght  with  intensities  of 
380,  133,  84,  and  64  N.  K.  produced  "lichthart"  seeds  in  a  few  days; 
that  is,  so  changed  the  seeds  that  they  would  not  germinate  later  in  dark- 
ness. With  an  intensity  of  40  N.  K.,  28  per  cent  germinated  in  4  days 
and  the  rest  became  "Hchthart,"  while  68  per  cent  germinated  in  the  same 
time  in  darkness.  Nikoli6  showed  that  the  inhibition  increased  with 
light  intensity  following  a  hyperbolic  curve.  A  constant  light  of  0.8 
H.  K.  intensity  decreased  germination  30  per  cent.  Previous  exposure 
of  the  seeds  to  light  inhibited  germination  in  darkness,  the  degree  of 
inhibition  increasing  with  the  duration  of  exposure  and  intensity  of  the 
light ;  likewise,  a  period  in  a  dark  germinator  before  illumination  reduced 
the  inhibiting  action  of  light,  the  effect  increasing  with  length  of  the 
dark  period. 

The  region  of  the  visible  spectrum  that  hinders  germination  of  Phacelia 
tanacetifolia  seeds  has  had  some  attention.  According  to  Heinricher  (35) 
germination  was  hindered  by  w^hite  light  and  the  less  refrangible  half 
of  the  spectrum,  and  favored  by  darkness  and  the  more  refrangible  half. 
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Remer  (88)  and  Kinzel  (48,  50)  found  green  the  most  favorable  portion 
of  the  spectrum  for  germination.  Kinzel  reported  10  per  cent  germina- 
tion in  white  light,  55  per  cent  in  darkness,  and  93  per  cent  in  green  light. 
Heinricher  (35)  suggested  without  any  experimental  evidence  that  the 
inhibiting  effect  of  light  on  the  germination  of  Phacelia  seeds  might  be 
due  to  the  fact  that  white  light  or  the  first  half  of  the  spectrum  reduced 
the  acidity,  as  in  succulents,  giving  a  less  favorable  medium  for  lipase 
activity.     He  also  suggested  that  light  might  even  destroy  the  lipase. 

After-ripening  Phacelia  seeds  in  dry  storage  modified  their  germina- 
tion in  both  light  and  darkness.  According  to  Heinricher  (35)  freshly 
harvested  seeds  did  not  germinate  in  hght  and  only  moderately  in  dark- 
ness. After  2  months  of  dry  storage  there  was  4  per  cent  germination  in 
light,  and  good  germination  in  darkness.  Dry  storage  in  direct  sunlight 
or  in  darkness  was  equally  beneficial.  Kuhn  (56)  found  that  seeds 
stored  6  years  in  darkness  gave  100  per  cent  germination  in  darkness 
against  61  to  92  per  cent  for  new  seeds.  Seeds  stored  for  4  years  in  light 
followed  by  2  years  in  darkness  gave  only  64  to  80  per  cent  germination. 
Age  also  modified  the  behavior  toward  various  portions  of  the  spectrum. 

Remer  (88)  found  5°C.  the  minimum  temperature  for  the  germination 
of  Phacelia  seeds  in  darkness.  Good  germination  was  obtained  at  6°  to 
7°C.  For  germination  in  light  the  minimum  temperature  was  10°C., 
and  the  optimum  15°C.  A  temperature  of  20°C.  or  above  was  unfavora- 
ble. Rijof  (89)  got  90  per  cent  germination  in  darkness  in  10  days  at 
14°  to  16°C.  and  64  per  cent  at  20°C. 

Increased  partial  oxygen  pressure  favored  germination  in  light.  In 
75  per  cent  O2  Axentieff  (3)  obtained  73  per  cent  germination  in  Ught  and 
86  per  cent  in  darkness.  In  high  oxygen  pressure  many  of  the  seeds 
germinated  backward;  that  is,  the  cotyledons  grew  first.  This  backward 
germination  was  similar  to  that  obtained  by  Crocker  (13,  page  272)  for 
the  upper  achenes  of  Xanthium,  the  coats  of  which  restrict  the  oxygen 
supply  to  the  embryos.  Bohmer  (8)  claimed  that  the  light-inhibited 
seeds  of  Nigella  saliva  and  Phacelia  tanacetifolia  germinated  much  better 
in  light  in  80  to  100  per  cent  oxygen  than  in  air,  that  the  light-favored 
seeds  of  Epilohium  hirsutum,  Nicotiana  tahacum,  Lythrum  salicaria,  and 
Elsholtzia  germinated  better  in  normal  than  in  increased  oxygen  pressures ; 
and  that  light-indifferent  seeds  were  not  affected  by  increased  partial 
oxygen  pressures.  Bohmer  was  certainly  incorrect  about  light-indifferent 
seeds,  for  Crocker  (13)  found  the  germination  of  the  intact  upper  achenes 
of  Xanthium  was  increased  by  high  partial  oxygen  pressures.  Axentieff 
(3)  and  Gassner  (23)  have  found  also  that  high  oxygen  pressures  increased 
the  germination  of  various  light-favored  seed. 

Kuhn  (57)  investigated  the  effect  of  acid  on  germination  of  Phacelia, 
using  filter  paper  moistened  with  solutions  of  various  concentrations. 
Seeds  in  fight  gave  69  per  cent  germination  in  0.1  M  HCl  and  18  per  cent 
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in  distilled  water;  in  darkness  they  gave  80  per  cent  germination  in 
distilled  water.  Acids  lowered  germination  in  darkness  and  stimulated 
it  in  light.  HCl,  HNO3,  and  H2SO4  had  similar  effects  in  like  concentra- 
tions. According  to  Magnus  (70)  acid  treatment  caused  "false  germina- 
tion"; that  is,  the  embryos  broke  through  the  coats  without  growth. 

Magnus  rinsed  from  intact  seeds  of  Phacelia  tanacetifolia  a  substance 
which  when  applied  to  the  same  sort  of  seeds  inhibited  their  growth  in 
weak  light,  but  not  in  darkness.  This  substance  was  fluorescent,  heat- 
stable,  water-soluble,  and  alcohol-insoluble.  He  pointed  out  the  fact 
that  low  concentrations  of  fluorescent  substances  are  toxic  to  organisms 
in  light,  owing  to  their  photochemical  effects.  Since  darkening  the 
chalazal  end  of  intact  seeds  or  removing  the  coats  from  that  region  per- 
mitted germination,  Magnus  concluded  that  the  fluorescent  inhibiting 
substance  was  largely  located  in  the  chalazal  end  of  the  coat.  He  also 
obtained  from  the  radicle  of  Phacelia  and  the  leaves  of  Pelargonium  a 
water  extract  that  inhibited  germination  of  Phacelia  seeds  in  light  but 
not  in  darkness.  A  water  extract  from  Epilobium  seeds  showed  no 
inhibiting  effect. 

Peters  (83)  largely  confirmed  Magnus'  results  except  in  two  respects. 
Peters  found  that  the  substance  inhibited  the  germination  of  Phacelia 
seeds  slightly,  even  in  darkness,  if  the  washings  were  first  exposed  to  light, 
and  that  the  effective  agent  was  not  identical  with  the  dark-brown  water 
extract  obtained  from  the  coats  but  was  a  whitish  opalescent  material. 
He  considered  the  joint  effect  of  Hght  and  the  fluorescent  pigment  on  the 
germination  of  Phacelia  seeds  as  photocatalytic,  while  Magnus  was 
uncertain  about  how  they  acted.  Axentieff  (2,  3,  4)  studied  the  effect 
of  the  rinsings  from  several  sorts  of  light-favored  and  light-inhibited  seeds 
on  the  germination  of  the  same  or  other  species.  His  results  were  quite 
varied.  Some  extracts  inhibited  germination  in  both  light  and  darkness; 
others  stimulated  germination  in  some  seeds  and  inhibited  it  in  others; 
and  in  one  case  the  extract  causing  inhibition  was  not  fluorescent.  Axen- 
tieff also  found  that  proper  abrasion  of  the  coats  would  induce  perfect 
germination  of  Phacelia  seeds  in  light  and  darkness.  Abraded  seeds  gave 
98.8  per  cent  germination  in  light  and  98  per  cent  in  darkness,  and  intact 
seeds  gave  31.8  per  cent  in  light  and  92  per  cent  in  darkness.  Bohmer  (8) 
showed  that  on  removal  of  the  coat  over  the  radicle  the  seeds  grew  nor- 
mally, with  the  root  emerging  first,  in  both  light  and  darkness.  On 
removal  of  the  coat  at  the  other  end,  the  epicotyl  grew  first,  and  the 
seed  germinated  equally  well  in  light  and  darkness.  Removal  of  a  por- 
tion of  the  coat  on  the  sides  of  the  seed  did  not  induce  germination  in 
light.     The  naked  embryos  germinated  equally  well  in  light  and  darkness. 

The  work  of  Axentieff  and  Bohmer  threw  some  doubt  upon  the  con- 
clusions of  Magnus  and  of  Peters  that  light  inhibition  of  Phacelia  was  a 
photocatalytic  action.     They  showed  that  the  seed  coats  of  Phacelia 
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limited  the  oxygen  supply  to  the  embryo.  This  Umitation  could  be 
partially  or  entirely  removed  by  increased  oxygen  pressure  or  removal 
of  the  seed  coats.  Axentieff  (3)  pointed  out  that  light  interfered  with 
oxidation  processes  in  some  plants  and  stimulated  it  in  others;  he  sug- 
gested that  Pkacelia  and  other  light-inhibited  seeds  might  be  prevented 
from  germination  by  the  joint  action  of  the  coats,  which  restrict  the  oxy- 
gen supply  to  the  seed  contents,  and  light,  which  interferes  with  oxidation 
processes  within  the  seeds. 

Lehmann  (62)  believed  that  light  inhibition  generally  characterized 
seeds  of  the  Hydrophyllaceae  since  Nemophila  insignis  and  its  relatives 
Phacelia  tanacetifolia,  P.  whitlavia,  and  P.  campanularia  all  were  hindered 
by  light.  On  the  other  hand,  Kuhn  (56)  showed  that  the  seeds  of 
Hydrolea  spinosa  were  favored  by  light.  No  strict  relationship  usually 
exists  between  systematic  grouping  and  light-sensitiveness. 

Nigella. — Kinzel  (46)  show^ed  that  at  20°C.  seeds  of  Nigella  sativa 
were  hindered  in  germination  by  light,  and  that  they  became  "lichthart" 
with  only  24  hr.  exposure.  "Lichthart"  seeds  were  incapable  of  later 
germination  without  special  treatment.  Although  light  lowered  the 
germination  at  10°  to  15°C.,  it  did  not  make  the  seeds  "hchthart." 
Seeds  which  had  become  "Hchthart"  could  be  forced  to  germinate  in 
part  by  pricking  the  coats  or  by  using  daily  intermittent  temperatures 
of  20°  to  30°C.  The  best  way  to  force  "hchthart"  seeds  was  to  dry  them 
over  CaCU  for  24  hr.  at  30°C.,  soak  in  1  per  cent  asparagin  and  0.1  per 
cent  papayotin  solution  for  5  days,  prick  with  a  pin,  and  then  after  24  hr. 
swelling  put  to  germinate  at  alternating  temperatures  of  20°  to  30°C. 
Seeds  which  had  been  in  a  light  germinator  7  months  germinated  within 
14  days  after  this  treatment.  Nigella  damascena  was  more  sensitive  to 
light  than  Nigella  sativa.  According  to  Kinzel  (48)  all  portions  of  the 
visible  spectrum  inhibited  germination  of  Nigella  except  green  and  green- 
blue,  which  gave  about  the  same  germination  as  darkness.  The  habitat 
in  which  the  seed  developed  and  the  stage  of  after-ripening  (51,  pages 
21  and  22)  modified  both  the  percentage  germination  and  the  degree  of 
sensitiveness  to  light. 

Lehmann  (60)  agreed  with  Kinzel  that  light  rendered  Nigella  seeds 
"lichthart,"  but  he  claimed  that  an  exposure  of  3  days  or  more  was 
necessary  for  any  marked  effect,  and  that  much  longer  exposures  were 
required  for  greatest  effectiveness.  Niethammer  (76)  found  N.  damas- 
cena seeds  light-avoiding  at  all  temperatures,  old  seeds  being  less  so  than 
fresh  ones.  According  to  Axentieff  (3)  the  inhibiting  action  of  light  on 
N.  arvensis  seeds  was  not  entirely  dependent  upon  the  integrity  of  the 
coats.  Bohmer  (8)  found  that  under  light  of  20  M.  K.  intensity  germina- 
tion of  A^.  sativa  seeds  increased  somewhat  as  the  oxygen  pressure  rose, 
and  that  100  per  cent  oxygen  was  very  favorable  for  forcing  germination 
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under  such  illumination.  Gassner  (25)  showed  that  N  compounds  were 
without  effect  in  forcing  the  germination  of  N.  saliva  seeds. 

Liliaceae. —KinzQl  (46,  47,  48,  50,  51)  claimed  that  many  seeds  of  the 
family  Liliaceae  were  favored  in  germination  by  darkness.  Of  the  genus 
Allium,  seeds  of  the  following  species  were  favored  by  darkness:  Allium 
ascalonicum,  A.  cepa,  A.  moly,  A.  porrum,  A.  schoenoprasum,  A.  ursinum, 
and  A.  victorialis  and  the  seeds  of  A.  sihiricum  and  A.  suaveolens  were 
favored  by  light.  Other  dark-favored  liHaceous  seeds  which  Kinzel 
investigated  were:  Aloe  variegata,  Anthericum  liliago,  A.  ramosum, 
Asparagus  officinalis,  Asphodelus  ramosus,  Eremurus  rohustus,  Fritillaria 
impcrialis,  F.  armena,  Funkia  coerulea,  F.  sieholdiana,  Lilium  martagon, 
Maianthemum  hifolium,  Medeola  asparagoides,  Paris  quadrifolia,  Poly- 
gonatum  officinale,  Ruscus  aculeatus,  Streptopus  amplexif alius,  Tulipa 
gesneriana,  Urginea  scilla  (dried  2  weeks),  Veratrum  nigrum,  and  Yucca 
aloifolia.  Other  light-favored  hliaceous  seeds  were :  Colchicum  autumnale, 
Convallaria  majalis,  Lloydia  serotina,  Narthecium  ossifragum,  Paradisea 
liliasirum,  Smilax  aspera,  Tofieldia  calyculata,  Urginea  scilla  (fresh),  and 
Uvularia  grandiflora.  Polygonatum  verticillatum  and  Hyacinthus  candi- 
cans  proved  indifferent.  The  tests  of  seeds  of  the  Lihaceae  were  made 
under  relatively  limited  conditions  and  in  some  cases  only  one  test  was 
made. 

Other  Seeds. — Many  other  seeds  are  inhibited  by  light  under  certain 
conditions.  This  was  true  of  C Moris  ciliata  at  temperatures  below  22°C., 
while  at  temperatures  above  22°C.  hght  favored  germination.  Baar  (5) 
found  several  seeds  favored  by  darkness  at  low  temperatures  and  by 
light  at  high  temperatures.  Amaranthus  caudatus  seeds  were  light- 
inhibited  at  5°  to  20°C.,  indifferent  at  25°  to  30°C.,  and  light-obligates 
at  35°  to  40°C. 

EFFECT  OF  VARIOUS  REGIONS  OF  THE  SPECTRUM 

Considerable  work  has  been  done  upon  the  relative  effectiveness  of 
various  regions  of  the  spectrum  in  promoting  the  germination  of  light- 
favored  seeds  and  in  lowering  the  germination  of  light-inhibited  seeds. 
Before  studies  in  this  field  can  be  rationalized,  it  will  be  necessary  to  know 
whether  the  effective  action  of  hght  is  upon  the  coats  which  are  largely 
nonliving,  the  hving  contents  of  the  seeds,  or  both ;  or  whether  all  three 
of  these  categories  are  represented  in  various  light-sensitive  seeds.  Most 
seed  and  fruit  coats  are  colored,  showing  differential  absorption  of  the 
visible  spectrum.  If  the  endosperm  and  embryo  alone  are  affected  by 
light,  only  light  which  passes  through  the  coats  and  is  absorbed  by  these 
organs  is  significant.  If  the  coats  alone  are  affected,  only  light  absorbed 
by  them  is  significant.  If  both  portions  are  affected,  both  the  light 
absorbed  by  the  coats  and  the  hght  passing  through  them  are  significant. 
Unfortunately,  most  of  the  experimenters  have  not  studied  the  action 
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of  various  regions  of  the  spectrum  with  a  view  to  answering  these  ques- 
tions. Some  of  the  experimenters  have  also  shown  other  defects,  such  as 
faikire  to  use  equal  energy  values  for  different  regions  of  the  spectrum, 
to  control  temperatures,  and  to  consider  the  stage  of  after-ripening  of  the 
seeds. 

Cieslar  (12)  found  yellow  Hght  most  effective  in  forcing  germination 
of  grass  seeds,  while  violet  light  retarded  germination.  Haack  (30) 
showed  that  in  Scotch  pine  yellow  light  was  most  stimulative  with  blue 
far  less  so,  but  the  latter  better  than  darkness.  According  to  Heinricher 
(37)  the  less  refrangible  portion  of  the  solar  spectrum  was  favorable  to 
germination  of  Viscum  album  seeds,  and  the  more  refrangible  portion 
ineffective  or  injurious,  with  no  germination  occurring  in  darkness. 

Kinzel  (46,  47,  48,  49,  50,  51)  studied  the  action  of  different  regions 
of  the  spectrum  on  the  germination  of  several  seeds.  Among  light- 
favored  seeds  he  found  that  for  Nicotiana  the  optimum  region  was  yellow, 
orange,  or  green;  for  Allium  suaveolens  red  and  white  were  best  with  green 
and  violet  less  favorable,  but  better  than  darkness;  for  Drosera  capensis 
all  rays  gave  high  germination,  but  the  energy  of  germination  fell  in  the 
following  order:  white,  yellow,  orange,  red,  green,  blue,  violet;  for 
Pinguicula  vulgaris  red,  white,  and  orange  were  good;  green  and  bright 
blue  poor;  yellow,  dark  blue,  and  violet  intermediate;  and  no  germination 
occurred  in  darkness;  for  Epilobium  roseum  long  rays  of  the  visible 
spectrum  were  better  than  short  rays.  In  general,  the  germination  of 
light-favored  seeds  was  favored  more  by  the  longer  visible  rays  than  by 
the  short  rays.  Among  the  light-inhibited  seeds  Kinzel  found  that  for 
Silene  tartarica  the  blue  rays  of  white  diffuse  light  partly  prevented 
germination  in  light;  for  Delphinium  elatum  violet  was  the  most  injurious; 
for  Phacelia  tanacetifolia  green  was  better  than  darkness;  for  Asphodelus 
ramosus  yellow  was  the  best  region  for  germination  at  both  14°  and  20°C., 
violet  was  very  injurious  at  14°C.,  and  favorable  at  20°C.,  and  red  to 
orange  was  toxic  at  20°C.;  for  Nigella  saliva  the  following  rays  injured 
germination  at  high  temperatures,  the  injurious  effects  decreasing  in  the 
following  order:  white,  bright  violet,  orange,  red,  yellow,  dark  blue,  and 
dark  violet. 

Kommerell  (54),  using  accurate  photometric  methods,  studied  the 
effect  of  equal  caloric  values  of  different  regions  of  the  visible  spectrum 
upon  the  germination  of  the  highly  light-sensitive  seeds  of  Nicotiana 
tabacum  and  Lyihrum  salicaria.  She  found  the  percentage  germination 
proportional  to  the  ray  length  of  the  region  falling  on  the  surface  of  the 
seed.  She  also  determined  by  methods  which  are  open  to  question 
the  absorption  of  various  regions  of  the  spectrum  by  the  seed  coats.  The 
coats  of  both  seeds  showed  high  absorption  at  5100  A.  After  correcting 
for  seed-coat  absorption — in  doing  this  she  disregarded  various  irregulari- 
ties in  the  coat  absorption  curves — she  concluded  that  the  effectiveness 
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of  the  rays  actually  reaching  the  protoplasm  was  proportional  to  the 
quanta  they  carried,  and  that  the  rays  acted  in  accordance  with  the  Ein- 
stein principle  for  photochemical  reactions.  On  the  basis  of  these  results, 
Kommerell  believed  that  only  light  reaching  the  living  portions  of  the 
seed  was  effective  and  that  the  action  was  photochemical.  She  ran  simi- 
lar experiments  on  the  light-inhibited  seeds  of  Phacelia  tanacetifolia  but 
found  that  the  low  light  intensities  which  forced  Nicotiana  and  Lythrum 
seeds  did  not  inhibit  Phacelia  seeds. 

Kommerell 's  methods  have  opened  the  way  for  exact  experimentation 
in  this  field.  The  fact  that  the  effectiveness  of  light  falling  on  the  seeds 
was  proportional  to  the  wave-length  is  certainly  significant,  but  it  is 
doubtful  whether  her  main  conclusion  is  justified  by  the  facts.  Einstein's 
principle  was  deduced  for  an  ideal,  reversible,  unimolecular  reaction. 
There  is  little  probability  that  the  effect  of  light  on  seeds  is  so  simple. 
Kommerell's  conclusion  appears  still  more  questionable  when  it  is  recog- 
nized that  Einstein's  principle  does  not  always  hold  for  simple  chemical 
reactions  to  which  it  was  supposed  to  apply.  In  some  cases  (91,  page  332) 
the  photochemical  equivalent  is  less  than  that  demanded  by  this  princi- 
ple, and  in  other  reactions  it  is  many  times  greater. 

We  have  yet  to  learn  to  what  extent  light  modifies  germination  by 
acting  upon  the  seed  coats,  on  the  one  hand,  and  upon  the  protoplasm,  on 
the  other,  and  just  how  the  various  rays  bring  about  such  modifications. 

DOSAGE  OF  LIGHT  REQUIRED 

The  dosage  of  light  necessary  to  modify  the  germination  of  seeds  and 
fruits  varies  greatly  with  different  species.  It  has  already  been  pointed 
out  that  Poa  achenes  respond  only  to  high  light  intensities;  in  fact,  direct 
sunlight  gives  optimum  results.  Chloris  achenes  with  hulls  intact  also 
require  rather  high  intensities  for  maximum  germination  and  are  more 
favored  by  continuous  illumination  than  by  alternate  light  and  dark 
periods.  In  the  use  of  alternate  light  and  dark  periods,  it  is  beneficial 
to  have  illumination  during  the  first  period  because  of  the  readiness  with 
which  these  achenes  become  "dunkelhart."  Viscum  album  fruits, 
strict  light-obligates,  need  relatively  high  light  intensities  for  germination 
and  are  killed  by  continuous  darkness.  With  the  light-inhibited  seeds 
of  Phacelia  tanacetifolia  a  relatively  high  intensity  of  light  is  necessary  to 
give  noticeable  inhibition,  and  high  intensities  must  be  applied  continu- 
ously to  give  fullest  inhibition. 

On  the  other  hand,  some  light-favored  seeds  need  only  a  very  small 
dosage  of  light  to  stimulate  germination.  Raciborski  (86)  found  that 
1  hr.  exposure  of  imbibed  tobacco  seeds  to  weak  diffuse  light  followed 
by  darkness  gave  complete  germination  within  48  hr.  The  extreme 
sensitiveness  of  tobacco  seeds  to  light  may  account  for  disputes  in  the 
literature  as  to  the  need  of  light  for  their  germination.     Exposure  of 
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the  seeds  to  light  during  examination  may  have  been  sufficient  to  force 
the  germination  of  the  checks  in  darkness.  The  species  and  varieties  of 
tobacco  seeds  also  vary  considerably  in  Ught  sensitiveness.  Lehmann 
(64)  showed  that  an  exposure  of  0.1  sec.  of  imbibed  Lythrum  salicaria 
seeds  to  730  H.  K.  of  light  at  30°C.  gave  50  per  cent  germination  in  24  hr. 
against  6  to  7  per  cent  in  darkness.  Seeds  of  Nicotiana  tahacum  and 
Lythrum  salicaria  appear  to  be  the  most  sensitive  to  small  dosages  of 
Ught  of  any  seeds  studied  to  date. 

This  great  variation  in  the  Ught  dosage  required  by  light-sensitive 
seeds  suggests  the  possibility  that  the  mechanics  of  light  action  may  be 
different  for  different  seeds. 

THEORIES  OF  LIGHT  ACTION 

Many  of  the  theories  of  light  action  on  seeds  have  already  been 
discussed  in  connection  with  the  work  of  the  various  investigators.  The 
stimulus  or  releasal  theory  of  Pfeffer  and  Jost  has  little  support  in  the 
present  stage  of  physiological  investigation,  especially  since  the  findings 
of  Went  (100)  and  his  students  on  "Wuchsstoff"  (auxine)  have  placed 
phototropism  and  geotropism,  two  strongholds  of  the  stimulus  conception, 
upon  a  chemical  basis. 

In  his  early  studies  of  Ught-favored  seeds  Cieslar  (12)  suggested 
several  possible  explanations  of  light  action.  Since  yellow  light  proved 
so  effective,  he  thought  C  assimilation  might  occur.  This  is  hardly 
possible  because  no  chlorophyll  is  present  in  most  seeds  favored  and 
because,  as  Heinricher  later  (33)  showed,  yellow  light  stimulates  germina- 
tion in  both  the  presence  and  absence  of  CO2.  He  also  suggested  the 
possibiUty  of  increased  osmotic  pressure  in  the  tissues,  or  of  mobilization 
of  reserves,  the  theory  which  Heinricher  (33,  35)  later  adopted.  This 
conception  could  be  tested  experimentally,  but  it  lacks  sufficient  evidence 

to  date. 

Lehmann  (62)  at  first  accepted  the  PfefTer  and  Jost  releasal  theory, 
but  later  (63,  68)  expressed  the  view  that  Ught  acted  catalytically,  and 
concluded  that  hydrolysis  of  storage  proteins  was  the  effective  change. 
His  strongest  evidence  for  protein  hydrolysis  was  the  fact  that  soaking 
various  light-favored  seeds  in  proteolytic  enzymes  substituted  for  light. 
He  thought  acids  either  activated  proteolytic  enzymes  or  gave  a  more 
favorable  pH  for  their  action.  Lehmann's  whole  theory  lacks  experi- 
mental proof.  It  is  doubtful  whether  the  large  molecules  of  the  enzymes 
pass  through  the  semipermeable  membranes  of  the  seed  coats.  It  may 
be  that  the  proteolytic  enzymes  furnish  nitrogen  which  acts  on  the  coats, 
as  Gassner  found  for  nitrates. 

Pickholz  (84),  working  on  Poa  achenes,  concluded  that  light  had  its 
main  effect  through  the  production  of  daily  intermittent  temperatures. 
The  facts  that  direct  sunlight  is  more  effective  than  other  light  sources 
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and  tliat  intermittent  temperatures  in  darkness  are  more  stimulating  than 
liglit  at  any  constant  temperature  point  to  this  conchision  for  Poa.  This 
explanation,  however,  cannot  apply  to  highly  sensitive  seeds  like  Nicoti- 
ana  and  Lythrum,  in  which  a  single  small  dosage  of  light  induces  high 
germination  in  darkness. 

From  his  investigations  of  Chloris  achenes  Gassner  (23,  27)  expressed 
the  opinion  that  light  and  factors  substituting  for  light  hindered  the 
gradual  development  of  an  inhibiting  layer  in  the  achene  coats,  either 
directly  or  by  favoring  quick  germination.  The  work  of  many  investiga- 
tors shows  that  seed  and  fruit  coats  play  a  significant  part  in  the  light 
sensitiveness  of  several  sorts  of  seeds  and  fruits  and  Gassner 's  finding 
that  nitrates  substitute  fully  for  light  in  Chloris  achenes  without  actually 
entering  the  living  parts  of  the  achenes  is  very  significant.  It  is  possible, 
however,  that  Hght  and  the  several  light-substituting  factors  promote 
germination  in  a  variety  of  ways  either  by  acting  on  various  portions 
of  the  seeds  or  fruits  or  by  acting  differently  on  the  same  organs.  A 
careful  chemical,  microchemical,  and  physiological  study  of  several  light- 
sensitive  seeds  and  fruits  is  needed  to  learn  the  effect  of  light  and  its 
substitutes  on  the  hulls,  coats,  endosperms,  or  embryos.  It  would  be 
advantageous  to  investigate  the  isolated  embryos  of  light-sensitive  seeds 
and  fruits,  as  Flemion  (19,  20)  has  done  for  seeds  with  dormant  embryos, 
to  determine  whether  they  are  dormant  and,  if  so,  how  various  conditions 
modify  their  growth.  Gassner's  hypothesis  raises  such  definite  questions 
as  whether  nitrates  favor  the  decomposition  of  the  carbohydrates  of  the 
hulls  and  coats  by  microorganisms  through  furnishing  a  nitrogen  supply 
for  the  microorganisms;  and  whether  light  and  light-substituting  factors 
increase  the  activity  of  catalase  or  other  enzymes  of  the  embryos,  or  bring 
about  other  changes  that  further  the  growth  of  the  embryos. 

Kommerell  (54)  concluded  that  only  the  light  passing  through  the 
seed  coats  and  reaching  the  protoplasm  was  effective  and  that  the  effect 
was  photochemical.  Her  theory  and  the  facts  and  assumptions  on  which 
it  was  based  have  been  discussed  already  under  Effect  of  Various  Regions 
of  the  Spectrum. 

Axentieff  (3)  recently  offered  an  explanation  of  light  sensitiveness 
in  seeds  which  takes  into  consideration  both  coat  effects  and  the  effect  of 
light  upon  the  protoplasm  of  the  seed  contents.  In  order  to  determine 
how  generally  coats  modified  light  sensitiveness  of  seeds  and  fruits,  the 
author  studied  8  species  that  were  hindered  by  light  and  4  species  that 
were  favored.  Of  the  seeds  or  fruits  inhibited  by  light  the  following 
showed  the  light-inhibiting  effect  to  be  entirely  dependent  upon  the 
presence  and  integrity  of  the  coats:  Amaranthus  reiroflexus,  Phacelia 
tanacetifolia,  Androsace  maxima,  and  Bromiis  squarrosus;  and  the  follow- 
ing showed  that  light-inhibiting  effect  was  not  entirely  due  to  the  coats : 
Cucumis  melo,  C.  sativus,  Cucurhita  pepo,  and  Nigella  arvensis.     In  the 


820  BIOLOGICAL  EFFECTS  OF  RADIATION 

light-stimulated  seeds  the  following  showed  that  the  light  effect  was 
entirely  due  to  the  integrity  of  the  coats:  Rumex  crispus  and  Epilobium 
hirsutum;  and  the  following  that  the  coats  played  httle  or  no  part  in  the 
light-favoring  action:  Oenothera  biennis  and  Silene  densiflora.  Bromus 
squarrosus,  Amaranthus  retro flexus,  Androsace  maxima,  and  Epilobium 
hirsutum  germinated  quicker  and  to  a  higher  percentage  in  both  light  and 
darkness  when  the  coats  were  broken.  For  the  seeds  in  which  the  effect 
of  light  was  conditioned  by  the  integrity  of  the  coats  an  increase  in  partial 
oxygen  pressure  above  the  normal  atmosphere  increased  germination 
and  a  decrease  in  partial  oxygen  pressure  considerably  below  normal 
completely  inhibited  germination.  The  author  concluded  that  in  some 
seeds  and  fruits  light  interfered  with  oxidation  processes  within  the 
seeds.  In  others  it  favored  these  processes.  The  combined  action  of 
the  light  and  the  coats  inhibited  the  germination  in  the  first  case  by 
summation  of  the  hindrance  to  the  oxidation  processes.  In  the  second 
case  the  favoring  effect  of  light  counteracted  the  inhibiting  effect  of  the 
coats  and  increased  germination.  In  seeds  and  fruits  in  which  the  coats 
did  not  modify  the  light  sensitiveness,  Axentieff  assumed  that  light 
acted  directly  on  the  protoplasm  reducing  the  speed  of  oxidation  in 
light-hindered  seeds  and  increasing  it  in  light-favored  seeds.  There  is 
considerable  experimental  evidence  for  the  coat  effects  postulated  by 
Axentieff,  but  direct  experimental  evidence  is  lacking  for  the  postulated 
effect  of  light  upon  oxidation  within  the  protoplasm. 

The  mechanism  by  which  light  affects  germination  needs  much  addi- 
tional study.  It  is  not  impossible  that  the  action  of  light  is  upon  the  coats 
in  some  cases,  upon  the  living  protoplasm  in  others,  and  upon  both  in 
still  others. 

SUMMARY 

A.  Light  favors  the  germination  of  a  large  number  of  seeds  and 
fruits.  Among  these  are  Viscum  album  together  with  many  other  Loran- 
thaceae  and  epiphytes,  all  Gesneriaceae  studied  to  date,  many  grasses, 
various  species  of  Oenothera  and  Epilobium,  Ranunculus  sceleratus,  Lyth- 
rum  salicaria,  and  L.  hyssopifolia.  Viscum  album  and  Arceuthobium 
oxycedri  will  not  germinate  at  all  without  light.  The  former  is  killed 
in  darkness  within  a  few  weeks,  while  the  latter  endures  darkness  for  a 
longer  period.  Of  964  species  of  seeds  studied  by  Kinzel,  672  or  about 
70  per  cent  were  favored  by  light  under  the  conditions  used  in  his 
experiments. 

B.  Light  interferes  with  the  germination  of  many  seeds  and  fruits. 
Among  these  are  several  species  of  Phacelia  and  other  Hydrophyllaceae, 
3  species  of  Nigella,  several  species  of  Allium  and  most  other  Liliaceae. 
Of  964  species  of  seeds  and  fruits  tested,  Kinzel  found  258  inhibited  by 
light  under  the  conditions  of  his  experiments. 
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C.  Some  seeds  and  fruits  germinate  equally  well  in  light  and  dark. 
This  is  true  of  the  small  grains,  Zca  mays,  beans,  clover,  and  many  other 
legumes.  Of  the  964  species  investigated  by  Kinzel,  35  were  indifferent  to 
light. 

D.  Several  conditions  partly  or  entirely  displace  the  effect  of  light 
in  light-sensitive  seeds  and  fruits. 

a.  After-ripening  in  dry  storage  reduces  or  entirely  eliminates  the  need 
for  light  in  various  light-favored  seeds.  Poa  achenes  kept  in  dry  storage 
for  one  year  germinate  almost  as  well  in  darkness  as  in  light.  After- 
ripening  partially  eliminates  light  need  in  Chloris,  Ranunculus,  Epilohium, 
and  Oenothera  achenes  or  seeds.  The  inhibiting  effect  of  light  on  Phacelia 
seeds  falls  with  period  of  dry  storage. 

h.  Seed  or  fruit  coats,  or  the  hulls  of  grasses,  increase  the  necessity  for 
light  in  the  germination  of  some  light-favored  seeds.  The  hulls  render 
Chloris  achenes  hght-obligate  and  increase  the  need  for  light  in  Poa. 
Pricking  the  seed  coats  of  Oenothera  increases  germination  in  dark- 
ness. The  coats  also  modify  the  action  of  light  on  Hght-inhibited  seeds. 
Removal  of  the  seed  coats  from  Phacelia  seeds  overcomes  the  inhibiting 
effect  of  light.  Pricking  the  coats  causes  "lichthart"  seeds  of  Nigella 
to  germinate  in  part. 

c.  A  full  atmosphere  of  oxygen  forces  the  light-obligate  Chloris  achenes 
with  hulls  intact  to  full  germination  in  darkness,  and  the  light-inhibited 
Phacelia  seeds  to  full  germination  in  Ught. 

d.  Knop's  solution  substitutes  for  light  in  a  number  of  light-favored 
seeds.  The  nitrate  of  the  solution  is  effective.  The  other  salts  of  the 
solution  are  not  effective.  Nitrites,  nitric  acid,  ammonium  salts,  and 
urea  are  also  favorable.  Nitrates  entirely  displace  the  light  need  of 
Chloris  achenes  with  hulls  intact  at  temperatures  above  22°C.  They  also 
increase  greatly  the  germination  at  temperatures  below  22°C.,  where 
light  inhibits.  Nitrates  favor  the  germination  of  the  following  light- 
favored  fruits  and  seeds  in  darkness:  Poa,  Ranunculus,  Epilohium, 
Lythrum,  and  the  Gesneriaceae.  The  light-inhibited  seeds  of  Phacelia 
and  Nigella  are  not  favored  by  nitrates. 

e.  Weak  acids  substitute  for  light  in  part  in  the  light-favored  seeds  of 
Lythrum,  Scrophula/ia,  Verhascum,  and  Epilohium. 

f.  Either  daily  intermittent  or  high  constant  temperatures  substitute 
for  light  in  various  light-favored  seeds.  The  most  favorable  intermittent 
temperatures  give  better  germination  of  Poa  achenes  than  light  with  any 
constant  temperatures.  Light  and  nitrates  increase  the  germination  of 
Poa  compressa  achenes  somewhat  at  the  most  favorable  intermittent 
temperatures.  Intermittent  temperatures  replace  light  w^ith  after- 
ripened  Chloris  achenes  with  hulls  intact,  but  not  with  non-after-ripened 
or  "dunkelhart"  achenes.  With  seeds  of  Epilohium,  Oenothera,  and 
others  intermittent  temperatures  substitute  fully  for  light. 
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E.  When  light-favored  achenes  of  Chloris  are  kept  for  a  time  in  a  dark 
germinator,  they  are  changed  in  a  manner  that  makes  them  incapable  of 
germination  later  even  in  light.  Such  seeds  are  said  to  be  "dunkelhart." 
"Dunkelhart"  achenes  can  be  forced  to  germinate  by  breaking  the  coats, 
increasing  oxygen  pressures,  and  other  treatments.  When  light-inhibited 
seeds  of  Nigella  are  kept  for  a  time  in  a  light  germinator  at  a  temperature 
above  20°C.,  they  are  changed  in  such  a  manner  that  makes  them  incapa- 
ble of  germination  later  even  in  darkness.  Kinzel  spoke  of  such  seeds  as 
"lichthart."  "Lichthart"  seeds  can  be  forced  to  germinate  by  breaking 
the  coats,  or  still  better  by  other  treatments.  Imbibed  Phacelia  seeds  also 
become  "lichthart"  when  exposed  to  light. 

F.  If  imbibed  Ranunculus  sceleratus  seeds  are  exposed  to  light,  dried, 
and  later  placed  in  a  dark  germinator  with  intermittent  temperatures, 
they  still  show  the  favorable  effect  of  the  hght  exposure.  Chloris  achenes 
also  show  this  latent  hght  effect.  Since  the  light  exposure  of  the  seeds 
during  ripening  in  the  capsules  varies  with  the  weather,  the  rate  of  drying 
of  seeds  in  the  capsules,  and  the  position  of  the  capsule  on  the  plant, 
Wieser  concluded  that  the  latent  light  effect  may  account  in  part  for  the 
great  variation  in  the  amount  of  light  required  for  the  germination  of 
different  collections  of  the  same  species  of  light-favored  seeds. 

G.  Several  theories  have  been  offered  to  explain  the  favoring  or 
inhibiting  action  of  light  upon  the  germination  of  seeds  and  fruits.  Most 
of  these  theories  postulate  that  the  action  of  the  light  is  upon  the  living 
endosperm  or  embryo,  but  some  of  them  assert  that  the  action  is  upon 
the  nonliving  coats.  None  of  these  theories  has  adequate  evidence  for 
even  a  single  species  of  seeds.  It  is  not  improbable  that  light  has  its 
effective  action  upon  the  endosperm  and  embryo  of  some  seeds,  upon  the 
coats  of  others,  and  upon  both  in  still  others.  There  is  need  of  a  very 
thorough  and  detailed  chemical,  microchemical,  and  physiological  study 
of  the  effect  of  light  upon  the  coats  and  living  portions  of  several  light- 
favored  and  light-inhibited  seeds  and  fruits.  There  is  also  need  of  a 
similar  study  of  the  changes  brought  about  in  seeds  and  fruits  by  agents 
and  conditions  which  substitute  for  light. 
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RADIATION  ON  THE  HISTOLOGY  OF  PLANT  TISSUES 
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Surveying  the  work  which  has  been  done  on  the  effects  of  the  different 
regions  of  the  visible  spectrum  on  the  morphological  and  anatomical 
characteristics  of  seed  plants,  it  appears  that  investigations,  beginning 
with  those  of  Sachs,  have  been  concerned  more  particularly  with  changes 
in  the  external  form  of  the  plant  body.  While  the  effects  upon  histologi- 
cal structure  have  been  studied  less  intensively,  important  contributions 
have  been  made,  and  it  is  the  purpose  of  this  paper  to  bring  together 
briefly  the  available  information  in  this  field.  In  general,  the  records 
seem  to  indicate,  as  might  be  expected,  that  the  exposure  of  plants  to 
various  colored  lights,  representing  restricted  regions  of  the  spectrum, 
does  not  result  in  many  important  qualitative  histological  changes. 
Under  any  region  of  the  visible  spectrum  the  stem  presents  the  usual 
histological  regions,  that  is,  epidermis,  cortex,  and  stele  (containing 
xylem,  phloem,  pith,  etc.),  but  any  one  of  these  regions  may  be  quantita- 
tively affected,  the  extent  of  the  modification  varying  considerably. 

It  is  well  known  from  the  work  of  Stahl  (33)  and  of  others 
that  variations  in  the  intensity  of  illumination  with  the  full  spectrum  of 
light  will  bring  about  some  quantitative  anatomical  changes  in  the 
tissue  of  the  leaves.  Stahl  (35)  demonstrated  that  in  Lactuca  scariosa 
and  Iris  the  leaves  have  Uttle  or  no  palisade  tissue  when  grown  in  sub- 
dued diffuse  light,  but  there  is  a  well-developed  palisade  layer  when 
grown  in  bright  sunlight.  The  development  of  no  palisade  tissue  in 
weak  Ught  as  contrasted  with  a  high  development  of  this  tissue  in  strong 
light  might  even  be  considered  a  quahtative  change.  In  the  respect 
mentioned,  leaves  on  the  same  trees  will  vary  considerably,  so  that  the 
sun  leaves  taken  from  the  exposed  upper  part  of  the  tree  will  appear 
different  from  the  shade  leaves  found  in  the  lower  interior  of  the  tree. 

The  external  growth  effects  of  colored  lights  are  well  summarized  by 
Davenport  (6).  The  earlier  experiments  on  the  effects  of  hght  intensity 
are  usually  included  in  the  textbooks  of  physiology  and  anatomy  (Jost, 
13;  Haberlandt,  12;  Kuster,  19). 
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ANATOMICAL  EFFECTS  OF  DARKNESS 

It  is  well  known  that  an  effect  of  darkness  is  to  produce  etiolation. 
The  generalization  is  also  made  that  the  effect  of  the  red  rays  is  very 
similar  to  that  of  darkness.  Thus  a  plant  subjected  to  red  light  becomes 
etiolated,  though  it  may  develop  chlorophyll  or  retain  its  chlorophyll 
and  function  in  carbon  assimilation.  Anatomical  investigations  on 
etiolated  organs  have  been  made  by  several  investigators.  A  series  of 
studies  by  Priestley  and  his  students  is  discussed  below.  Priestley  (26) 
describes  the  general  anatomy  of  the  etiolated  and  normal  plant  of 
Vicia  Faha  L.  and  of  Pisum  sativum  L.  These  plants  show  a  very  charac- 
teristic growth  response  in  darkness.  It  is  typical  of  the  response  to  be 
expected  of  many  dicotyledonous  plants.  In  darkness,  there  is  attenua- 
tion and  not  only  an  absolute  reduction  in  the  cross-sectional  area  of 
the  stem  of  Vicia  and  Pisum  but  also  a  change  in  proportions  of  cortex 
and  stele.  Along  with  the  decrease  in  the  diameter  of  the  stem,  there 
is  an  even  greater  decrease  relatively  in  the  stelar  area  of  the  cross 
section,  that  is,  the  stele  suffers  a  greater  relative  reduction  than  the 
cortex.  In  etiolated  plants  exposed  to  an  hour  of  dayUght  per  day,  these 
conditions  have  been  found  to  be  intermediate. 

In  a  paper  by  Priestley  and  Ewing  (27)  a  very  striking  difference 
is  pointed  out  in  the  development  of  the  endodermis.  The  endodermis 
may  be  absent  from  the  stem  in  a  normal  plant  of  Vicia,  Pisum,  and  many 
other  dicotyledonous  plants,  or,  when  the  plants  are  grown  in  full  day- 
light, it  may  be  present  only  at  the  very  base  of  the  stem  just  above  the 
cotyledons.  In  plants  subjected  to  etiolation  this  layer  is  more  fully 
developed  in  the  stem,  often  with  the  characteristic  Casparian  rings. 
However,  the  authors  point  out  that  observations  on  etiolated  speci- 
mens of  Phaseolus  sp.  indicate  that  this  plant  does  not  respond  by 
producing  an  endodermis  upon  etiolation.  Furthermore,  there  are 
many  dicotyledonous  plants,  for  instance,  some  of  the  mints,  which  show 
an  endodermis  when  normally  grown  in  light. 

After  further  study  of  this  feature,  Priestley  (26)  pointed  out  that 
in  the  very  young  tip  of  the  plumular  shoot  of  an  etiolated  plant  no 
primary  endodermis  can  be  found,  but  that  a  well-marked  starch  sheath 
surrounds  the  stele  as  well  as  the  cortical  bundles,  and  as  we  pass  to 
lower  or  slightly  older  levels  of  the  yoimg  stem  the  starch  sheath  dis- 
appears and  is  replaced  by  the  endodermis.  Thus  the  starch  sheath 
disappears  and  gives  way  to  a  primary  endodermis  acropetally  as  the 
stem  develops  in  darkness.  The  effect  of  darkness  upon  the  structural 
growth  "has  mainly  to  be  looked  upon  as  a  change  in  sequence  of  the 
developmental  stages  by  which  differentiated  tissues  are  being  formed 
at  the  growing  apex."  In  darkness  the  stem  tends  to  take  on  some  of 
the  internal  characteristics  of  roots. 
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Priestley  also  records  the  starch  distribution  and  other  histological 
changes  which  accompany  the  formation  of  the  plumular  hook  of  an 
etiolated  stem;  he  describes  an  interesting  non-plasmolysis  of  the  cortical 
cells  of  etiolated  plants,  though  the  cells  of  similar  regions  will  show 
plasmolysis,  if  tested  about  24  hr.  after  a  short  exposure  to  light.  Priest- 
ley and  Woffenden  (28)  report  that  in  etiolated  plants  there  is  only  a 
small  production  of  wound  cork  in  response  to  superficial  wounds. 
The  structure  of  etiolated  monocotyledons  is  reported  upon  in  a  paper 
by  Scott  and  Priestley  (32). 

The  effect  of  visible  light  and  darkness  on  plants,  with  limited  periods 
of  illumination,  seems  to  offer  possibilities  as  an  added  tool  at  the  disposal 
of  the  plant  anatomist  who  may  be  interested  in  a  more  comprehensive 
knowledge  of  the  possible  induced  variations  in  plant  anatomy,  for 
example,  such  features  as  the  primary  endodermis,  which  is  often  absent 
or  difficult  to  observe  in  the  stems  of  higher  plants. 

Schloss- Weill  (31)  described  histological  differences  resulting  from 
etiolation  which  were  due  largely  to  the  elongation  of  cells  rather  than 
to  an  increase  in  the  number  of  cells,  in  the  stem  of  an  aquatic  plant, 
Ceratophyllum.  Kiister  (19)  includes  a  number  of  references  to  the 
effects  of  intensity  of  light  and  to  light  of  various  colors. 

EFFECTS  OF  DIFFERENT  REGIONS  OF  THE  VISIBLE  SPECTRUM 

The  effect  of  lights  of  different  intensities  and  qualities  on  the  growth 
of  the  fern  prothallia  of  Pteris  longifolia  are  given  by  Klebs  (14).  Cor- 
responding to  the  degree  of  light  intensity,  Klebs  obtained  elongated  cells 
in  the  thallus  in  comparative  darkness  and  in  red  Ught.  Under  intense 
illumination  and  in  blue  light  the  cells  were  short  with  many  cell  divisions 
and  there  was  a  broadening  of  the  thallus. 

Pfeiffer  (25)  has  given  us  an  account  of  some  of  the  anatomical 
differences  which  are  recognizable  in  certain  dicotyledons,  including 
the  soy  bean  {Glycine  soja),  sunflower  {Helianthus  cucumerifolius) , 
and  four-o'clock  {Mirahilis),  grown  under  various  colored  lights.  These 
plants  were  grown  out-of-doors  and  in  the  special  greenhouses  of  the 
Boyce  Thompson  Institute  for  Plant  Research  which  included  a  "visible- 
spectrum"  house  (vs,  7200  to  3900  A),  a^ full-spectrum  house  (/s,  7200  to 
2900  A),  a  blue  house  (6,  5850  to  3350  A),  minus  violet  house  {mv,  7200 
to  4710  A)  and  a  red  house  (r,  7200  to  5260  A).  However,  the  intensity 
of  the  light  in  these  houses  varied  so  that  vs  and  fs  were  at  sUghtly  more 
than  half  the  Ught  intensity  of  the  out-of-doors,  h  had  only  about  one- 
sixth  of  the  intensity  of  vs  and  fs,  while  r  had  slightly  more  than  half 
of  the  intensity  of  vs  and  fs.  The  summary  of  this  report  places  the 
emphasis  upon  comparisons  of  the  total  amount  of  tissue  development  of 
stem,  leaf,  and  root.  This  study  also  shows  definitely  that  the  quality 
of  the  hght  affects  the  thickness  of  the  leaves,  for  though  the  light  in  r 
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was  more  than  three  times  as  intense  as  that  in  b,  the  leaves  were  thicker 
in  b,  and  sHghtly  better  differentiated;  they  were  also  shghtly  superior 
to  those  in  the  minus  violet  house  (mv)  which  had  nearly  the  same  light 
intensity  as  fs  and  vs.  However,  for  leaves,  the  last  mentioned  were 
superior  to  all  of  the  colored  lights  and  showed  very  nearly  the  same 
conditions  as  the  cross  sections  of  the  leaves  of  outdoor  plants. 

Plants  exposed  to  the  "visible  spectrum"  (vs)  showed  greater  diam- 
eter and  height  of  stem  than  was  found  in  control  plants  growing  out-of- 
doors,  but  the  outdoor  plants  showed  greater  vascular  development 
than  the  former.  It  appears  that  minus  violet  (mv)  caused  better 
vascular  development  than  blue  (6)  or  red  (r).  Leaf  development,  as 
shown  by  the  thickness  of  the  sections  and  tissue  differentiation  in  the 
leaf  was  greater  in  b  than  mv  and  least  in  r,  while  root  development  was 
very  similar  to  leaf  development  with  mv  superior  to  b. 

The  comparisons  of  the  total  cross-sectional  area  of  the  stem  in 
terms  of  the  stele,  following  the  method  of  Priestley  (26),  are  not  given 
by  Pfeiffer.  (See  also  New  Phytologist  21:  60-61.  1922.)  However, 
from  a  study  of  the  photomicrographs  of  the  cross  sections  of  soy  bean 
and  sunflower  stems  which  are  shown  in  the  plates  (using  sectors  in  many 
cases  and  estimating  the  cross-sectional  areas  of  the  whole  stem  compared 
with  the  stelar  area)  one  finds  an  indication  of  the  same  general  conditions 
as  in  Priestley's  etiolated  stems.  Whether  only  the  full-spectrum  and 
visible-spectrum  houses  are  used  as  standards  of  comparison,  or  the 
out-of-door  plants  are  included  in  the  standard,  makes  little  difference. 
The  stelar  areas  are  not  so  well  developed  in  any  of  the  houses  with 
colored  lights  of  reduced  intensity,  but  in  this  analysis  the  blue  seems  to 
result  in  stem  structure  which  compares  very  favorably  with  the  minus 
violet  and  red  lights  of  many  times  greater  intensity. 

In  an  investigation  embracing  43  experiments  with  liverworts,  ferns, 
and  flowering  plants,  Teodoresco  (38)  used  white  light  and  two  colored 
lights:  red-orange  and  blue-violet.  Double-walled  bell  glasses  filled 
with  7-cm.  layers  of  10  per  cent  potassium  bichromate  solution  were 
used  as  filters  for  orange-red  light,  and  similar  bells  filled  with  3.2  to 
4.25  per  cent  ammoniacal  hydrated  copper  sulfate  solution  served  as 
filters  for  the  blue-violet.  The  energy  content  of  the  transmitted  light 
was  measured  by  means  of  a  thermocouple  and  adjusted  to  comparable 
conditions  of  intensity  under  these  filters  by  diluting  or  concentrating 
the  liquid  of  the  filter  and  by  supplementing  the  illumination  by  electric 
light.  Plants  well  supplied  with  reserve  foods  were  selected  for  most  of 
the  tests  and  the  experiments  terminated  before  the  supply  of  reserves 
was  entirely  exhausted.  The  tubers,  bulbs,  and  seeds  of  higher  plants 
were  planted  in  sand,  some  older  plants  in  pots,  while  the  spores  of  lower 
plants  were  planted  in  2  to  5  per  cent  agar  containing  Ko  of  the  standard 
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Kiiop  uutricMit  sohition.     He  also  constructed  some  special  glass  color- 
filters,  which  are  described. 

Teodoresco  found,  as  he  did  in  a  very  similar  investigation  reported 
30  years  previously,  that  the  red  end  of  the  spectrum  has  the  same  effect 
as  darkness,  in  reducing  the  thickness  of  the  leaves  and  their  surface 
area  and  in  increasing  the  lengths  of  the  internodes  and  petioles  by  an 
increase  in  the  length  of  their  cells.  The  effect  of  the  blue-violet  light 
is  very  similar  to  the  effect  of  white  light,  though  he  found  shght  devia- 
tions from  this  generalization  in  the  responses  of  Helianthus  annuus  and 
Menispermum  cocculus.  These  same  general  conditions  were  found  in 
the  germination  of  fern  spores.  The  spores  of  Pteridium,  which  can 
germinate  in  darkness,  gave  almost  the  same  response  in  the  red  light. 
However,  when  the  reserves  stored  in  the  spore  are  exhausted,  relatively 
strong  photosynthetic  action  is  possible  in  the  red  light  employed  and 
the  elongation  may  therefore  far  surpass  that  obtained  in  complete 
darkness.  In  the  sporelings  of  certain  liverworts  the  red  light  also  causes 
excessive  elongation;  often  there  are  long  single  filaments  or  germ  tubes 
composed  of  excessively  long  cells  which  have  undergone  very  few  cell 
divisions.  The  sporelings  of  Conocephalum  and  Pellia,  two  liverworts, 
when  grown  in  red  light  are  shorter  than  those  grown  in  white  light  and 
longer  than  those  grown  in  blue  light.  In  these  experiments  as  in  many 
others  the  shortcomings  of  the  screens  employed  in  respect  to  giving  a 
restricted  spectral  region  must  be  taken  into  consideration. 

Teodoresco  (38)  emphasizes  the  fact  brought  out  in  his  earlier  investi- 
gation (37)  that  the  blue-violet  rays  appear  to  be  more  favorable  and" 
more  adequate  for  the  normal  form  development  of  the  plant  than  the 
red  rays. 

This  investigation,  employing  plants  with  reserve  foods,  supports 
the  view  that  photosynthesis  may  take  place  in  the  red  light,  which  may 
in  turn  support  a  considerable  amount  of  growth  (elongation)  which 
is  not  brought  about  by  the  direct  photomorphic  effect  of  this  portion 
of  the  spectrum.  Plants  with  abundant  reserve  foods  may  therefore  be 
expected  to  respond  somewhat  better  to  the  blue-violet  portion  of  the 
spectrum. 

We  find  a  very  interesting  record  by  Forster  (10)  working  with 
another  liverwort,  Marchantia  polymorpha,  who  used  Hiibl's  filters 
(Nos.  2,  11,  and  20)  and  grew  the  thalli  from  gemmae  under  red,  green, 
and  blue  filters.  He  adjusted  the  different  filters  and  his  mixed-light 
controls  to  the  same  intensity  and  found  that  in  general  the  growth 
responses  under  the  red  filters  were  as  good  as  under  white  light;  the 
green  light  was  only  about  l^o  a-s  effective  as  the  mixed  light  of  the  same 
intensity  and  blue  light  markedly  inferior  to  the  red.  The  air  chambers 
found  in  the  upper  layers  of  the  thallus  were  normally  developed  in 
red  light;  they  were  formed,  but  without  the  special  assimilatory  cells 
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normally  found  in  the  air  chambers,  in  the  blue  light,  and  in  the  green 
light  very  few  of  the  air  chambers  were  formed.  Chloroplasts  were 
disk-shaped  under  the  red  filter  and  round  under  the  blue. 

Thus  we  find  that  there  are  some  apparent  contradictions  in  the 
results  of  the  various  investigators,  especially  with  reference  to  the 
photomorphic  effect  of  the  blue  light.  Of  course,  in  Forster's  (10) 
work  the  gemmae  used  in  the  experiments  are  not  supplied  with  a  great 
amount  of  reserve  food.  It  might  appear  then  from  his  work,  at  least, 
that  the  red  light  is  there  playing  a  photomorphic  role,  since  in  the  blue 
light  the  air  chambers  of  the  thallus  were  lacking,  while  in  the  red  these 
chambers  developed.  The  origin  of  the  assimilatory  cells  certainly 
involves  more  than  cell  elongation,  it  requires  several  cell  divisions  which 
were  not  carried  out  under  blue  light.  Thus  it  seems  wise  in  the  present 
state  of  our  knowledge  to  draw  only  provisional  conclusions  concerning 
the  specific  effects  of  light  rays  of  different  parts  of  the  spectrum. 

Likewise,  we  should  be  cautious  in  drawing  conclusions  concerning 
the  effects  of  light  on  internal  structure.  Kohl  (16)  obtained  very 
marked  differences  in  the  internal  structure  of  leaves  and  of  stems  of  a 
number  of  seed  plants  after  exposure  to  conditions  of  high  transpiration 
as  contrasted  with  low  transpiration.  On  the  other  hand,  Burgerstein 
(3,  4),  whose  monographs  summarize  and  discuss  the  work  of  many 
investigators  on  transpiration,  including  effects  of  various  colored  lights 
on  this  process,  makes  it  clear  that  the  transpiration  rate  is  not  the  same 
when  plants  are  grown  under  lights  of  different  colors. 

Toward  all  experiments  involving  either  intensity  or  quality  a  critical 
attitude  should  be  maintained,  especially  in  large-scale  plant  study, 
in  regard  to  the  specific  influence  ascribed  to  this  factor  unless  it  is  quite 
clear  (a)  that  change  in  intensity  does  not  at  the  same  time  involve  change 
in  quality,  or  the  reverse,  and  (b)  that  the  screens  or  filters  selected  shall 
transmit  with  sufficient  purity  the  spectral  region  under  study. 

EFFECTS  OF  ULTRA-VIOLET  RADIATION 

Investigators  reporting  on  the  effects  of  ultra-violet  radiation  are 
more  nearly  in  agreement  with  respect  to  the  general  effects  of  this  form 
of  radiation  than  are  those  reporting  on  intensity  and  quality  effects. 
Nearly  all  investigators  of  recent  years  have  employed  mcrcury-vapor- 
quartz  tubes.  There  is  unanimous  testimony  concerning  the  develop- 
ment of  a  shiny  leaf  surface,  due  to  the  killing  effect  on  the  epidermal 
cells.  Investigators  are  further  agreed  that  the  ultra-violet  rays  do  not 
penetrate  very  deeply  into  plant  tissues,  that  their  highly  destructive 
effect  is  usually  confined  to  one  or  more  superficial  layers  of  cells. 

Siemans  (33),  Deherain  (7),  and  Bailey  (1)  recorded  damaging  effects 
of  a  naked  electric  arc  on  growing  plants  but  the  plants  were  found  to  be 
protected  from  the  damage  by  filtering  the  rays  through  glass.     Bailey 
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stated  that  this  injury  was  locaUzed  in  the  epidermis,  since  microscopic 
examinations  revealed  that  the  surface  layer  had  collapsed.  The  col- 
lapse of  these  cells  was  explained  as  due  to  a  loss  of  water  from  the  epi- 
dermal cells  to  the  more  active  chlorenchyma  cells  beneath. 

Maquenne  and  Demoussy  (20)  repeated  Deherain's  experiments  with 
a  quartz-mercury-vapor  lamp.  By  means  of  plasmolytic  tests  they 
showed  that  the  epidermal  cells  were  killed,  but  that  the  palisade  cells 
of  the  interior  of  the  leaf  remained  uninjured. 

Hertel  (11),  one  of  the  earliest  investigators  to  experiment  on  the 
effects  of  ultra-violet  radiation  on  bacteria  and  other  microorganisms, 
also  made  some  microscopic  examinations  on  the  effect  of  the  magnesium 
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line  (2800  A)  on  the  cells  of  living  Elodea  canadensis.  He  reported  the 
cessation  of  protoplasmic  streaming  and  death  of  the  treated  cells. 
The  killing  effect  on  the  epidermis  of  seedlings  by  ultra-violet  radiation 
was  further  confirmed  by  Stoklasa  (36)  who  pointed  out  that  the  greening 
of  etiolated  seedlings  was  hastened  by  exposure  to  the  ultra-violet  radia- 
tion employed. 

In  a  series  of  investigations  on  the  effect  of  ultra-violet  radiation 
on  higher  plants  (Aucuha  japonica,  Echeveria  sp.,  and  Sempervivum  sp.) 
Kluyver  (15)  used  a  quartz-mercury-vapor  lamp  (range  90  to  220  ^olts, 
usually  operated  at  100  volts  and  3.5  amp.).  He  subjected  his  plants  to 
a  single  exposure  of  the  radiation  and  discovered  the  latent  effect,  that 
the  reaction  of  his  plants  to  the  ultra-violet  treatment  would  begin  to 
show  some  time  after  the  exposure.  He  found  also  that  short  treatments 
would  kill  only  individual  cells  of  the  epidermis  and  that  the  lower  epi- 
dermis is  more  vulnerable  to  ultra-violet  than  the  upper.  The  guard 
cells  of  the  stomata  require  longer  treatment  than  ordinary  epidermal 
cells,  and  the  subsidiary  cells  which  adjoin  the  stomata,  though  otherwise 
unrecognizable  from  their  form,  become  recognizable  from  ordinary 
epidermal  cells  as  chemically  differentiated  structures  by  their  less  sus- 
ceptibility to  ultra-violet. 

Kluyver  also  investigated  the  effect  of  ultra-violet  radiation  on  antho- 
cyanin.  After  ascertaining  that  the  extracted  anthocyanin  remains 
stable  after  exposure  to  ultra-violet  radiation,  he  found  that  living  cells 
of  a  Begonia  leaf,  except  those  at  the  veins  of  a  leaf,  which  are  covered  by 
an  additional  layer  of  coUenchyma  cells,  lose  their  anthocyanin  with  the 
death  of  the  epidermal  cells.  Other  experiments  on  anthocyanin  in 
leaves  as  affected  by  ultra-violet  rays  are  given  by  Schanz  (30). 

After  prolonged  treatment  of  stems  such  as  those  of  Phaseolus  multi- 
fiorus,  Kluyver  found  that  all  of  the  cortical  tissues  on  the  exposed  side 
of  the  stem  collapsed.  The  xylem  cells  on  the  same  side  gave  less  lignin 
staining  reaction  (phloroglucin  and  hydrochloric  acid)  than  did  those 
on  the  unexposed  side,  and  the  bast  fibers  of  stems  with  bast  were 
similarly  affected. 
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While  Kluyver  and  previous  investigators  subjected  plants  to  a  single 
exposure  of  ultra-violet  and  studied  the  subsequent  effect  on  the  plants, 
we  find  other  records  of  the  exposure  of  plants  to  continuous  irradiation. 
Raybaud  (29)  grew  cress  seedlings  (Lepidium  sativum)  with  continuous 
exposure  under  a  quartz-mercury-vapor  lamp  at  1.5  meters  and  obtained 
the  epidermal  killing  effect  reported  by  others  as  well  as  changes  in  the 
deeper  tissues.  The  dead  epidermal  layer  served  as  a  protection  to  the 
deeper  layers  from  the  harmful  action  of  the  rays,  but  as  subsequent 
growth  ruptured  the  epidermal  cells,  the  exposed  cortical  cells  were  killed 
in  turn.  The  cortical  cells  of  the  hypocotyl  were  so  affected  that  they 
divided  periclinally  and  elongated  on  the  side  exposed  directly  to  the 
light,  with  a  consequent  curvature  of  the  hypocotyl  toward  the  opposite 
side.  Deeper  and  deeper  layers  of  cells  were  destroyed  as  the  surface 
became  reticulated  and  opened  into  longitudinal  furrows  or  grooves. 

Delf,  Ritson,  and  Westbrook  (8)  exposed  plants  {TrifoUum,  Voandzeia, 
Pelargonium,  etc.)  periodically  (several  minutes  daily)  to  the  radiations 
from  a  quartz-mercury- vapor  lamp  and  obtained  effects  similar  to  the 
previous  investigations — collapsed  epidermal  cells  followed  by  rolling  and 
distortion  of  the  leaves  during  subsequent  growth.  They  obtained  these 
effects  on  Voandzeia  suhterranea  after  only  three  daily  exposures  of  2  min. 
at  a  distance  of  3  ft. 

Dane  (5),  who  treated  soy  beans  with  ultra-violet,  reported  the  stems 
1.5  times  as  great  in  diameter  as  control  plants.  The  rayed  stems  were 
hollow  and  showed  a  reduction  in  the  width  of  the  medullary  rays.  Most 
of  the  ordinary  parenchymatous  tissue  of  the  medullary  rays  developed 
into  vascular  tissues — xylem  and  phloem.  The  plants  which  were 
exposed  were  more  stunted  and  their  tissues  stiff  and  brittle. 

Eltinge  (9)  investigated  the  effects  of  periodic  treatments  on  a  great 
variety  of  seed  plants  by  dosages  which  began  with  30  seconds  exposure 
the  first  day  and  were  increased  by  this  amount  daily.  The  ultra-violet 
radiation  source  was  a  uviarc  quartz-mercury  lamp  emitting  rays  from 
5780  A  down  to  2000  A.  This  lamp  was  used  in  a  series  of  experiments 
at  50  and  100  in.  both  with  and  without  glass  filters.  The  filters  used 
were  "vita"  glass  (transmitting  5780  to  2890  A)  and  "quartz-lite"  glass 
(transmitting  5780  to  3136  A).  Leaves  were  taken  for  anatomical  study 
from  the  unscreened  series  at  the  end  of  4  weeks;  at  the  end  of  8  weeks 
samples  of  leaves  and  stems  were  taken  from  all  plants,  which  were  killed 
with  medium  chromic  acetic  killing  fluid  and  sectioned  in  paraffin.  Some 
were  stained  in  Haidenhein's  iron  alum  haematoxylin  and  others  with 
safranin — Delafield's  haematoxylin  for  microscopic  study. 

Many  anatomical  details  are  described  in  this  paper.  Injury  was 
greatest  in  the  unscreened  series  with  an  early  deadening  of  the  epidermis ; 
where  occasional  epidermal  cells  escaped  the  killing  they  were  distinctly 
smaller.     The  anthocyanin  pigment  disappeared  in  all  parts  of  stems  and 
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leaves.  The  contents  of  palisade  cells  were  drawn  away  from  the  upper 
ends  of  the  cells  and  the  injury  to  the  newly  formed  leaves  was  evident 
throughout  the  entire  leaf.  Not  only  were  the  air  spaces  fewer  but  there 
was  much  less  differentiation  between  different  kinds  of  cells,  suggesting 
that  ultra-violet  treatment  may  retard  growth  in  individual  cells,  even 
though  they  escape  destruction.  This  work  suggests  that  the  penetra- 
tion of  some  of  the  unscreened  ultra-violet  radiations  may  extend  through 
the  entire  leaf. 

The  histological  details  of  sections  of  leaves  of  Lactuca  saliva,  Nicoti- 
ana  Tabacum,  Phaseolus  vulgaris,  Cucumis  sativus,  Ipomoea  Batatas,  Zea 
Mays,  Coleus  Blurnei,  and  one  of  its  varieties  are  included  in  the  illustra- 
tions of  the  plates.  These  are  all  consistent  in  showing  a  distinct  correla- 
tion of  the  degree  of  injury  with  the  severity  of  the  treatment  under  the 
different  conditions  of  the  experiment,  but  it  is  hardly  possible  to  con- 
clude that  all  observed  effects  may  be  attributed  exclusively  and  with 
certainty  to  the  action  of  the  ultra-violet  radiation. 

Where  "vita"  glass  was  used,  screening  out  rays  of  less  than  2900  A 
wave-length,  the  general  results  were  reported  to  be  beneficial  to  the 
plants.  There  were  no  lesions,  though  the  newly  formed  leaves  of  several 
species  {Lactuca,  Raphanus,  and  Coleus)  were  thinner  than  the  controls. 
Some  plants  had  leaves  thicker  than  the  controls  but  in  these  cases  the 
treated  plants  themselves  were  larger.  Under  "vita"  and  "quartz-lite" 
glass  Coleus  plants  showed  not  only  an  increase  in  growth,  with  a  corre- 
sponding increase  in  leaf  thickness,  but  also  a  complete  retention  of  the 
red  pigment.  The  effect  of  filtered  ultra-violet  on  stems  resulted  in 
greater  diameter  and  better  developed  vascular  bundles. 

Nadson  and  Rochlin  (23,  24),  using  a  Bach  model  ultra-violet  lamp, 
in  treating  Pterygophyllum  and  two  species  of  Elodea,  exposed  at  30  cm. 
for  10  to  30  min.,  obtained  crystals  of  calcium  oxalate,  formed  within  the 
cells.  These  crystals  which  were  observed  in  some  cases  as  beginning 
around  the  chloroplasts,  increased  in  size  and  dissolved  simultaneously 
with  the  death  of  the  cell  after  2  to  4  days.  Treatment  of  the  plants  with 
narcotics  before  raying  resulted  in  no  crystal  formation.  Likewise, 
Beauverie  and  Cornet  (2)  studied  the  effect  of  various  lengths  of  treat- 
ment of  Elodea  with  the  radiation  from  a  quartz-merciiry-vapor  lamp  on 
the  cell  contents.  A  treatment  of  10  to  30  min.  at  4  meters  distance  gave 
no  morphological  changes  after  45  min.  or  more  of  treatment.  Granula- 
tions were  produced  in  the  chloroplasts  of  individual  cells,  while  in  the 
cells  of  others  they  remained  hyaline.  Treatment  for  4%  hr.  gave  a 
change  in  the  cytoplasm,  a  swelling  of  the  granular  mitochondria  and 
chondrioconts,  though  some  of  the  chloroplasts  were  still  intact. 

Martin  and  Westbrook  (21)  continued  the  work  on  periodic  treatments 
begun  by  Delf ,  Ritson,  and  Westbrook  (8)  by  introducing  further  refine- 
ment in  the  technique.     They  standardized  their  dosages  in  terms  of 
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arbitrary  "lithopone  units"  (L.  U.),  and  they  demonstrated  for  Pul- 
monaria  officinalis  the  relation  which  exists  between  the  number  of  L.  U. 
and  the  time  which  must  elapse  (latent  period)  before  the  death  of  the 
epidermal  cells.  Younger  leaves  were  found  to  be  more  sensitive  than 
the  older  ones.  They  present  a  curve  showing  the  relationship  between 
the  intensity  of  the  treatment  and  the  latent  period  and  point  out  that 
there  is  also  a  relationship  between  the  thickness  of  the  cutin  and  the 
sensitiveness  of  the  leaf.  Among  the  histological  details  given  of  the 
effect  of  ultra-violet  light  on  leaves,  they  show  not  only  that  there  are  the 
changes  within  the  epidermal  cells,  but  also  that  the  vacuolization  and 
destruction  of  the  chloroplasts  and  the  collapse  of  the  palisade  cells  take 
place  with  increased  dosages. 

Martin  and  Westbrook  also  tested  the  effects  of  temperature  during 
the  period  of  treatment,  and  for  the  latent  period  they  found  that  differ- 
ences of  temperature  between  5°  and  25°C.  have  little  effect  upon  the  rate 
of  browming  of  the  epidermis.  These  authors  also  discuss  the  relation- 
ship between  the  erythema  dose  of  the  human  skin  and  the  dose  causing 
browning  of  the  leaves,  and  point  out  that  whereas  many  have  attempted 
to  draw  a  parallel  between  these  superficial  effects,  the  skin  recovers 
and  the  pigmentation  is  produced  within  the  cytoplasm  without  killing 
cells,  while  the  plant  epidermis  is  killed  and  does  not  recover. 

There  is  a  structural  basis  for  the  claim  that  the  cutin  of  plants  is 
relatively  opaque  to  ultra-violet  rays.  Kohler  (17,  18),  who  used  the 
cadmium  line  (2750  A)  in  the  photomicrography  of  plant  tissues,  shows 
figures  in  which  woody  cell  walls  and  cork  cells  are  nearly  impenetrable, 
whereas  the  cuticle  of  leaves  and  stems,  even  in  very  thin  places,  is 
impenetrable  to  these  very  short  rays.  Metzner  (22)  shows  that  there  is  a 
similar  opaqueness  of  cuticular  and  other  plant-cell  walls  to  the  longer 
ultra-violet  rays  (3500  to  4000  A)  which  may  play  a  role  in  the  influence 
of  the  sun's  radiation,  especially  at  high  altitudes;  thus  the  ultra- 
violet rays  usually  do  not  enter  the  plant  and  probably  do  not  play  an 
important  formative  role  in  nature  except  in  the  structure  of  alpine  plants. 
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SOME  INFRA-RED  EFFECTS  ON  GREEN  PLANTS 
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Energy  absorption  of  a  green  leaf.  Absorption  by  chlorophyll  and  the  possibility  of 
photosynthesis.     Transpiration  in  the  infra-red.     Injury  from  infra-red.     References. 

In  general  more  than  50  per  cent  of  the  total  energy  of  sunlight  is  in 
the  infra-red  region.  This  percentage  varies  owing  to  the  selective 
absorption  of  the  atmosphere,  presence  of  clouds,  and  the  distance  the 
solar  rays  must  travel  through  the  atmosphere  to  reach  the  observer.  In 
artificial  light  sources  the  percentage  output  of  infra-red  is  higher.  This 
value  in  case  of  the  incandescent-filament  lamp  decreases  with  the 
increasing  efficiency  of  the  lamp,  that  is,  with  an  increasing  filament 
temperature.  In  the  1000-watt  tungsten-filament  lamp  with  an  efficiency 
of  20.5  lumens  per  watt  and  1000  hr.  normal  life  the  infra-red  output  is 
approximately  88  per  cent  of  the  total  according  to  Forsythe  and  Watson 
(11).  The  carbon  arc  has  approximately  75  per  cent  of  the  total  energy 
output  in  the  infra-red  region  according  to  the  data  of  Coblentz  and 
others  (9)  and  of  Karrer  (15). 

ENERGY  ABSORPTION  OF  A  GREEN  LEAF 

Both  sunlight  and  common  artificial  light  sources  have  more  than 
50  per  cent  of  the  entire  radiant-energy  output  in  the  infra-red.  It  is, 
therefore,  relevant  to  inquire  into  the  known  effects  of  this  region  on 
plants.  First,  it  is  important  to  determine  whether  infra-red  is  absorbed 
by  green  plant  leaves,  as  energy  must  be  absorbed  in  any  region  before 
it  can  accomplish  a  result.  Very  little  study  has  been  made  of  the 
infra-red  absorption  or  transmission  of  leaves.  Some  reflection  measure- 
ments have  been  made  by  Coblentz  (8).  He  found  that  reflection 
decreased  steadily  from  X8000  to  30,000  A.  A  red  oak  leaf  reflected 
18  per  cent  at  X8000  and  about  8  per  cent  at  30,000  A.  Allowing  the 
leaf  to  dry  overnight  caused  a  decrease  in  reflection  due,  Coblentz 
believes,  to  the  loss  of  water  which  increases  rapidly  in  absorption 
beyond  X14,000  A  and  decreases  the  amount  of  radiation  which  can 
return  by  internal  reflection.  Leaves  of  chestnut,  oak,  ash,  locust,  and 
pokeberry  were  all  found  to  have  a  lower  infra-red  reflection  than  red  oak. 
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The  average  reflection  for  the  visible  region  was  approximately  25  per 
cent  at  X6000  A  for  a  number  of  leaves  measured.  A  tulip-tree  leaf  had  a 
reflection  of  38  per  cent  at  X9500  A  and  5.6  per  cent  at  44,000  A.  Reflec- 
tion was  determined  with  the  leaf  at  an  angle  of  45  deg.  For  other  data 
on  the  absorption,  transmission,  and  reflection  of  leaves  in  the  visible 
region  the  reader  is  referred  to  the  section  in  this  work  by  Spoehr  and 
Smith  (Paper  XXII)  and  that  by  Popp  and  Brown  (Paper  XXXI). 

In  order  to  have  some  specific  data  on  the  relative  transmission  of 
leaves  in  the  infra-red  and  visible  region  the  following  tests  were  made. 
A  hole  1  in.  in  diameter  was  made  in  a  piece  of  cardboard.  This  was 
placed  over  a  Coblentz  vacuum  thermopile  with  the  hole  above  the 
sensitive  elements.  The  leaf  was  placed  over  the  hole  in  the  cardboard. 
A  sheet  of  metal  was  placed  over  this  and  supported  at  a  distance  of 
about  1  in.  above  the  cardboard.  The  sheet  of  metal  was  fitted  with  a 
hole  in  the  center  5  in.  in  diameter  over  which  glass  filters  were  placed. 
The  infra-red  only  filter  was  a  piece  of  Coming's  heat-transmitting  glass 
4  mm.  in  thickness.  The  visible-region  filter,  used  for  absorbing  infra- 
red, consisted  of  a  circular  glass  dish  containing  1  cm.  of  water  and  a 
piece  of  Coming's  heat-absorbing  glass  approximately  3  mm.  in  thickness. 
The  transmission  of  the  two  filters  has  been  given  in  a  previous  publica- 
tion (1).  A  1500-watt  lamp  was  used  as  a  light  source,  suspended 
directly  above  the  thermopile.  Allowing  for  a  20  per  cent  reflection  in 
both  the  infra-red  only  and  visible  region,  the  percentage  transmission  of 
various  leaves  was  as  shown  in  Table  1. 

Table  1. — I.vfra-red  and  Visible  Transmission  of  Leaves  in  Per  Cent  after 
Allowing  20  Per  Cent  for  Reflection 


Plant  Infra-red        Visible 


Sunflower 30  23 . 3 

Tomato  (Magnus) 22  19.0 

Tobacco  (Turkish) 30  22.0 

The  figures  indicate  that  the  transmission  as  determined  in  this  way  is 
slightly  less  in  the  visible  region  than  in  the  infra-red.  In  addition  to  the 
errors  arising  from  the  selective  reflecting  power  in  the  two  regions 
already  discussed,  these  figures  when  applied  to  sunlight  are  open  to 
another  error  in  that  the  incandescent  lamp  has  considerably  more 
infra-red  and  less  visible  energy  than  sunlight.  Much  more  work  needs 
to  be  done  on  the  effects  of  photosynthetic  materials,  water,  and  mineral 
salts  present  on  the  infra-red  absorption  of  various  leaves.  It  is  evident, 
however,  that  a  high  percentage  of  infra-red  is  absorbed  by  the  leaf. 
This  being  the  case,  interest  is  directed  toward  a  further  study  of  what 
becomes  of  the  energy  absorbed. 
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ABSORPTION  BY  CHLOROPHYLL  AND    THE  POSSIBILITY  OF 

PHOTOSYNTHESIS 

Brown  and  Escombe  (4)  have  estimated  that  less  than  0.5  per  cent 
of  the  total  energy  absorbed  by  the  leaf  is  used  in  photosynthesis.  This 
energy  is  absorbed  in  certain  well-marked  absorption  bands  found  in 
chlorophyll  in  the  visible  region.  The  infra-red  absorption  of  chlorophyll 
has  been  studied  by  Ursprung  (21)  who  has  reviewed  the  older  literature 
on  this  subject.  He  found  that  the  pigment  in  solution  absorbed  about 
7.5  per  cent  as  compared  with  a  value  of  10  to  17  in  the  leaf.  An  iodine 
solution  was  used  in  obtaining  infra-red  with  a  Nernst  lamp  as  a  source. 
Gulik  (12)  using  Willstatter's  preparations  determined  the  absorption 
of  a  and  6  chlorophyll  solutions  at  various  wave-lengths  to  35,380  A. 
He  found  weak  absorption  in  the  a  component  to  X10,040  A.  The 
absorption  constant  for  a  given  concentration  at  X6460  A  was  2.48, 
at  7730  A  it  was  0.234,  and  at  10,040  A  it  was  0.078.  A  weaker  secondary 
absorption  was  found  with  a  maximum  at  X33,870  to  34,040  A.  The  b 
component  had  little  absorption  in  the  near  infra-red  but  had  a  weak 
absorption  at  X33,840  A.  Carbon  bisulfide  was  used  as  the  solvent  in 
this  work.  Since  there  is  an  absorption  by  one  of  the  components  of 
chlorophyll,  there  is  the  possibility  of  photosynthesis  in  the  infra-red 
region.  Ursprung  (21)  exposed  a  bean  leaf  for  40  hours  to  infra-red 
using  both  an  ebonite  plate  and  a  solution  of  iodine  as  a  filter  to  isolate 
this  region.  Using  the  iodine-starch  test  he  showed  that  some  starch 
was  formed  under  infra-red  alone.  A  photograph  of  the  blackened  area 
is  shown.  He  states  that  not  every  experiment  of  this  type  succeeds  and 
that  a  lens  must  be  used  which  concentrates  just  the  right  intensity  of 
energy  upon  the  leaf.  He  found  that  the  stomata  remained  closed 
during  the  experiment  and  concludes  that  the  failure  of  plants  to  assimi- 
late more  rapidly  in  the  infra-red  is  due  to  the  closure  of  stomata,  thus 
limiting  the  intake  of  carbon  dioxide.  Sayre  (19,  20)  has  recently 
observed  that  the  stomata  of  Rumex  patientia  do  not  open  at  wave- 
lengths greater  than  6900  A  and  that  chlorophyll  is  not  formed  in  this 
region.  Arthur  (2)  found  that  buckwheat  seedlings  were  not  able  to 
produce  chlorophyll  under  infra-red  radiation  and  w^ere  identical  in 
appearance  and  dry  weight  with  those  grown  in  darkness.  They  grew 
only  at  the  expense  of  the  food  stored  originally  in  the  seed.  A  photo- 
graph of  these  seedlings  grow'n  both  in  darkness  and  exposed  to  the 
infra-red  region  of  sunlight  is  shown  in  Fig.  1.  He  also  found  that  when 
such  seedlings  were  grown  under  incandescent-filament  lamps  operating 
at  low^  and  high  efficiencies,  the  dry  weight  of  tissue  produced  was  pro- 
portional to  the  energy  in  the  visible  region  and  independent  of  the 
proportional  part  of  infra-red.  There  is  the  possibility  that  plants  grown 
with  the  visible  energy  of  sunlight  in  a  greenhouse  during  the  day  might 
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be  able  to  carry  on  limited  photosynthesis  when  placed  under  infra-red 
at  night.     This  test  was  made  recently  as  follows: 

Four  pots  of  buckwheat  seedlings  were  grown  in  a  greenhouse  during 
the  months  of  December  and  January  under  solar  illumination  during 
the  day  and  under  the  infra-red  from  a  500-watt  lamp  each  night.  A 
composite  filter  made  up  of  Coming's  heat-transmitting  glass  4  mm.  in 
thickness  was  used  to  remove  the  visible  region.  The  transmission  of  this 
glass  has  been  indicated  in  a  previous  publication  (1).  The  filter  was 
supported  on  a  wooden  stand  a  short  distance  below  the  lamp.  The 
distance  from  the  lamp  to  the  soil  in  which  the  seedlings  were  grown  was 
22  in.     The  lamp  was  fitted  with  an  aluminum  reflector  for  directing 


Fig.  1. — Buckwheat  seedlings.  D,  at  left,  grown  in  darkness.  I.R.,  at  right,  received 
only  the  infra-red  of  sunlight.  Note  that  there  is  no  difTerence  in  the  appearance  of  the 
two.     The  green  pigment  chlorophyll  does  not  develop  under  infra-red. 

the  radiation  downward  so  as  to  cover  the  filter  effectively.  A  second 
set  of  four  plants  was  grown  beside  the  first  set  and  was  treated  similarly 
except  that  a  sheet  of  galvanized  iron  was  used  under  the  second  lamp 
instead  of  the  infra-red  filter.  The  seedlings  were  grown  for  two  weeks, 
then  were  cut  down  and  green  and  dry  weights  determined.  This  test 
was  repeated  during  January  and  February,  In  each  test  the  seedlings 
were  grown  from  seed  for  approximately  two  weeks  before  they  were 
placed  under  the  test  conditions.     The  results  are  shown  in  Table  2. 

The  seedlings  in  the  first  test  were  grown  during  a  period  of  cloudy 
weather  and  produced  much  less  dry  weight  than  those  in  the  second  test. 
There  is  no  evidence,  however,  that  those  grown  under  infra-red  each 
night  produced  more  dry  weight.  There  is  some  indication  that  the 
plants  receiving  infra-red  weighed  less  than  the  controls  under  sheet 
metal.  This  might  be  expected  since  respiration  would  probably  be 
higher  under  the  infra-red  conditions  owing  to  the  higher  temperature 


SOME  INFRA-RED  EFFECTS  ON  GREEN  PLANTS 


845 


of  the  plant  tissues  brought  about  by  the  radiation.     The  data  are  not 
conckisive  as  regards  this  point. 

Table  2. — Green  and  Dry  Weights  of  Buckwheat  Seedlings   Grown  under 
Sunlight  during  the  Day  and  under  Infra-red  Each  Night  during  a 

Period  of  Two  Weeks 


Number 

of 
plants 

Green  weight 

per  plant, 

gm. 

Dry  weight 

per  plant, 

gm. 

First  test 

Under  infra-red 

32 
37 
35 
36 

1.06 
1.13 
1.20 
1.18 

0.059 

Under  infra-red 

0.060 

Under  sheet  metal               .         

0.063 

Under  sheet  metal       

0.064 

Secon 

d  test 

Under  infra-red 

46 
50 
53 

49 

1.92 
2.23 
2.13 
2.40 

0.102 

Under  infra-red           

0.124 

Under  sheet  metal 

0.112 

Under  sheet  metal                 

0.134 

In  this  connection  the  work  of  Johnston  (14)  is  especially  significant. 
He  grew  tomato  plants  in  four  chambers  using  1000-  and  1500-watt 
lamps.  Temperature  and  humidity  were  accurately  controlled  by 
recirculation  of  air.  Two  types  of  filters  were  used  and  two  illumination 
values  as  measured  by  a  Weston  photronic  cell  with  a  Corning  heat- 
absorbing  filter.  The  filters  were  (a)  Pyrex  glass  plus  water  1.5  cm.  in 
thickness,  and  (6)  Pyrex  glass  plus  water  1.5  cm.  plus  Coming's  heat- 
absorbing  glass  8  mm.  thick.  The  water-layer  filter  transmitted  to 
\14,000  A.  The  other  filter  was  designed  to  have  a  transmission  curve 
which  coincides  approximately  with  the  sensitivity  curve  of  the  human 
eye.  Under  one  filter  of  the  Pyrex-plus-water  type  the  illumination  was 
339  foot-candles,  under  the  other  of  this  type  it  was  1966  foot-candles. 
The  corresponding  illuminations  under  the  two  heat-absorbing  glass- 
plus-water-type  filters  was  359  and  1966  foot-candles.  The  dry  weight 
of  tissue  produced  was  as  follows: 


Pyrex  plus  water 

Pyrex  plus  water 

Heat-absorbing  glass  plus  water 
Heat-absorbing  glass  plus  water 


Foot-candles 


339 
1966 

359 
1966 


Dry  weight, 
mg. 


126 

426 

16 

199 
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Although  the  dry-weight  production  was  greater  for  plants  receiving 
infra-red,  these  plants  were  not  so  green  as  those  receiving  only  visible 
light.  This  destruction  of  chlorophyll  may,  however,  be  ascribed  to  the 
red  region  as  well  as  to  the  infra-red.  Johnston  points  out  that  in  the 
region  of  the  strongest  chlorophyll-absorption  bands  the  plants  grown 
in  the  distribution  including  the  infra-red  received  some  three  times 
greater  intensity  of  radiation.  It  is  probable  that  this  action  on  chloro- 
phyll would  occur  in  the  region  of  greatest  absorption.  Guthrie  (13) 
has  shown  that  plants  grown  without  the  blue-violet  region  of  sunlight 
also  produce  less  chlorophyll.  There  is  some  indication,  therefore,  that 
even  the  visible  red,  where  blue-violet  intensity  is  low,  is  injurious  to 
chlorophyll.  Johnston  has  definitely  shown  that  normal-appearing 
tomato  plants  can  be  grown  without  the  infra-red.  The  increase  in  the 
dry  weight  of  tissue  produced  under  the  infra-red  transmitting  filter  is 
no  doubt  due  to  the  greater  energy  transmitted  in  the  red  region  of  the 
visible  spectrum. 

It  follows  from  this  discussion  that,  while  there  is  an  absorption  of 
chlorophyll  in  this  region  and  the  possibility  of  some  starch  formation,  as 
indicated  by  the  work  of  Ursprung,  photosynthesis  in  the  infra-red  is 
negligible  and  during  a  considerable  period  of  exposure  of  green  plants 
to  this  energy  it  contributes  little  or  nothing  to  the  dry  weight  of  plant 
tissue  produced. 

TRANSPIRATION  IN  THE  INFRA-RED 

The  work  of  Brown  and  Escombe  (4)  indicates  that  by  far  the  greatest 
consumption  of  total  energy  received  by  the  green  leaf  is  in  transpiration. 
The  amount  used  in  this  way,  they  found,  amounted  to  as  much  as  60  per 
cent  of  the  total  received.  It  is  probable,  therefore,  that  the  evaporation 
of  water  performs  the  important  function  of  dissipating  excess  energy  in 
both  visible  and  infra-red  radiation.  This  is  the  method  which  the 
animal  uses  to  maintain  a  body  temperature  often  several  degrees  below 
that  of  the  surrounding  air.  Such  a  cooling  mechanism  is  even  more 
important  in  the  case  of  plants,  as  these  must  remain  fixed  in  the  soil  and 
exposed  to  any  fluctuating  temperature  and  light  intensity  which  the 
vagaries  of  a  given  climate  can  produce,  and  at  the  same  time  hold  the 
temperature  of  the  leaves  and  stems  below  the  thermal  death  point. 

Older  literature  on  the  subject  of  plant  transpiration,  based  on  a  study 
of  water  losses  from  plants  growing  under  field  conditions,  showed  that 
transpiration  rose  to  a  maximum  each  day  and  fell  off  to  a  very  low  value 
at  night.  Stomata  were  found  quite  generally  open  in  light  and  closed  in 
darkness.  There  was  some  indication,  therefore,  of  a  regulation  of  water 
loss  by  stomatal  movement.  It  has  been  pointed  out  already  that 
stomata  do  not  open  under  infra-red.  The  possibility,  therefore,  of 
plants  losing  sufficient  water  through  cuticular  transpiration  to  eliminate 
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excess  energy  received  in  this  region  is  of  special  interest.  Johnston  (14) 
observed  that  plants  grown  in  chambers  where  infra-red  radiation  was 
present  were  found  to  be  more  economical  in  their  use  of  water  than  those 
grown  with  visible  only.  This  indicates  that  plants  lose  less  water  under 
infra-red  than  under  visible  radiation.  In  order  to  obtain  more  data  on 
transpiration  as  related  to  both  infra-red  and  visible  energy  a  study  was 
made  by  Arthur  and  Stewart  (3)  of  water  losses  from  tobacco  plants 
grown  under  various  conditions  of  temperature,  humidity,  and  radiation 
intensity  with  both  the  visible  plus  infra-red  and  infra-red  regions  only. 
In  this  work  1000-  or  1500-watt  tungsten-filament  lamps  were  used  and 
standard  air-conditioning  machin- 
ery served  to  control  temperature 
and  humidity.  Coming's  heat- 
transmitting  glass  was  used  to 
absorb  the  entire  visible  region. 
Plants  were  potted  in  metal  con- 
tainers and  were  sealed  in  with  a 
paraffin  mixture  so  that  all  water 
loss  was  through  the  leaf  and  stem 
surfaces  of  the  plant.  Using  the 
lamp  without  a  filter  (visible  and 
infra-red)  within  a  temperature 
range  of  73°  to  78°F.,  it  was  found 
that  doubling  the  total  energy 
increases  the  rate  of  water  loss  by 
1.74.  This  was  found  to  be  inde- 
pendent of  humidity  within  a  range 

of  50  to  88  per  cent  relative.  At  an  energy  level  of  0.22-gm.  cal./cm^./min. 
the  loss  at  this  temperature  was  almost  twice  as  great  under  infra-red 
plus  visible  conditions  as  under  infra-red  alone.  At  a  higher  energy 
level  (0.65  to  0.72  gm.  cal.)  and  at  the  same  temperature  the  loss  under 
visible  plus  infra-red  was  2.5  times  that  under  infra-red  alone.  When  the 
temperature  was  increased  to  the  range  98°  to  100°F.,  the  infra-red  rate 
of  loss  increased  rapidly  as  compared  with  that  under  visible  plus  infra-red 
so  that  the  visible  loss  was  only  1.3  times  that  of  the  infra-red.  High 
humidity  (87  per  cent  relative)  at  this  high  temperature  produced  a 
slight  decrease  in  water  loss  in  both  infra-red  and  visible  plus  infra- 
red conditions  and  produced  great  injury  on  most  of  the  leaves.  In 
Fig.  2  are  shown  two  tobacco  plants  which  were  used  in  this  transpira- 
tion study.  The  plant  at  the  left  shows  the  leaf  injury  which  developed 
after  exposure  to  infra-red  at  high  temperature  and  high  humidity.  The 
plant  at  the  right  is  the  normal  plant.  The  water  loss  in  darkness  was 
increased  first  by  the  increase  in  temperature  and  again  by  the  increase  in 
humidity.     At  the  lower  temperature  range  the  amount  lost  in  darkness 


Fig.  2. — Tobacco  plants  sealed  in  porce- 
lain enamel  cups  for  transpiration  study. 
Left,  plant  injured  by  combination  of  high 
infra-red,  high  humidity,  and  high  tempera- 
ture.    Right,  normal  plant. 
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was  almost  negligible.  Under  the  most  favorable  conditions  for  water 
loss  (high  temperature,  high  radiation,  and  low  humidity)  the  water 
loss  per  square  inch  of  leaf  area  (calculated  on  one  surface  per  leaf  only) 
reached  a  maximum  value  of  2.82  gm.  in  12  hr.  under  visible  plus  infra-red, 
and  2.09  gm.  under  infra-red  only.  If  this  high  rate  were  maintained  in 
large  tobacco  plants  with  3000  in.^  of  surface  the  water  loss  in  12  hr.  for 
visible  plus  infra-red  might  amount  to  8  1.  as  compared  with  6  1.  for  infra- 
red only.  This  study  was  made  with  plants  reduced  mainly  to  three 
leaves.  It  is  probable  that  the  rate  would  fall  off  considerably  as  more 
leaves  were  added  since  not  all  leaves  would  be  well  exposed  to  the  light. 

The  percentage  of  energy  received  which  was  eliminated  again  by 
evaporation  of  water  in  the  infra-red  region  was  calculated  as  approxi- 
mately 72.5  per  cent.  This  calculation  is  based  upon  an  incident  energy 
value  of  0.65  gm.  cal./cm.^/min.  and  a  loss  of  20  per  cent  by  reflection 
and  a  second  loss  of  30  per  cent  by  transmission  using  the  figure  2.09  gm. 
of  water  lost  per  square  inch  of  leaf  surface  in  12  hr.  and  assuming  the 
value  585.3  as  the  latent  heat  of  vaporization  of  water  at  20°C. 

It  is  seen  from  the  foregoing  study  that,  as  the  thermal  death  point  of 
leaves  is  approached  through  increases  of  temperature  and  radiation 
intensity  in  either  visible  or  infra-red,  transpiration  increases  rapidly, 
and  cuticular  transpiration  in  the  infra-red  becomes  a  large  part  of  the 
total  transpiration  (stomatal  plus  cuticular)  under  visible-radiation 
conditions.  The  fact  that  the  cuticular  transpiration  rate  does  not  quite 
overtake  stomatal  plus  cuticular  rate  probably  accounts  for  the  more 
severe  injury  obtained  under  infra-red  at  high  temperature  as  compared 
with  visible  plus  infra-red. 

Curtis  (10)  and  Clum  (6,  7)  have  challenged  the  idea  which  has  grown 
among  plant  physiologists  that  transpiration  cools  plants  by  the  evapora- 
tion of  water.  Curtis  admits  that  the  evaporation  of  great  quantities 
of  water  is  an  efficient  method  of  eliminating  large  amounts  of  excess 
energy  received,  but  states  that  no  evidence  has  been  obtained  which 
shows  that  stopping  transpiration  actually  produces  a  rise  in  the  tempera- 
ture of  plant  leaves.  Clum  found  that  when  plant  leaves  were  coated 
with  vaselin,  only  a  slight  rise  in  temperature  could  be  observed  when 
thermocouples  were  inserted  into  the  leaf  lamina.  Arthur  and  Stewart  (3) 
observed  that  when  tobacco  leaves  which  had  been  thoroughly  coated 
with  vaselin  on  both  sides  were  placed  in  a  cellophane  envelope,  water 
vapor  escaped  from  the  leaf  through  the  vaselin  and  condensed  on  the 
inner  surfaces  of  the  cellophane  envelope.  When  the  leaf  was  placed  in 
such  an  envelope  and  exposed  to  a  total  energy  value  of  1.6  gm.  cal.- 
/cm.2/min.  using  a  1000-watt  lamp,  the  leaf  temperature  rose  from  87°  to 
127°F.  in  an  exposure  of  4  min.  The  cellophane  envelope  they  concluded 
effectually  prevented  all  cooling  of  the  leaf  by  the  evaporation  of  water, 
as  the  water  evaporated  was  again  condensed,  resulting  in  low-energy 
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emission  from  the  leaf-cellophane  system,  while  the  vaselin  coating  did 
not  decrease  transpiration  sufficiently  to  produce  any  considerable  rise 
in  temperature.  Leaves  enclosed  in  cellophane  and  exposed  for  15  min. 
developed  large  necrotic  areas  as  a  result  of  the  treatment  when  the 
plants  were  placed  in  a  greenhouse  for  two  days.  No  visible  signs  of 
injury  could  be  observed  when  the  leaves  w^ere  first  removed  from  the 
envelope.  However,  a  distinct  aromatic  odor  was  given  off  by  the  treated 
leaves  when  first  removed.  This  temperature  was  above  the  thermal 
death  point  of  the  leaf.  At  higher  radiation  values,  up  to  1.6  gm.  cal., 
the  leaf  temperature  when  permitted  to  transpire  freely,  was  found  never 
to  exceed  107°F.  under  either  visible  or  infra-red  alone  conditions.  The 
leaves  were  found  to  hold  this  temperature  by  increasing  the  water  loss. 
The  tendency  to  maintain  a  higher  leaf  temperature  under  infra-red  as 
compared  with  the  visible  region  of  the  same  energy  value  is  believed  to 
be  due  to  the  lower  transpiration  rate  under  infra-red. 

The  conclusion  seems  well  estabUshed  that  plants  can  and  do  eliminate 
most  of  the  excess  energy  received  in  both  the  visible  and  infra-red  regions 
by  the  evaporation  of  water.  Whether  the  transpiration  stream  through 
the  plant  serves  another  essential  purpose  besides  the  cooling  effect  in 
the  life  processes  of  plants  is  beyond  the  scope  of  this  discussion.  In  so 
far  as  the  transpiration  stream  is  useful  in  plant  processes,  the  infra-red 
region  can  be  considered  as  of  value  to  the  plant  in  maintaining  this 
stream.  Indirectly  it  serves  to  heat  the  soil  and  the  surrounding  air 
so  as  to  produce  a  more  nearly  optimum  temperature  for  plants.  This  is 
also  true  of  visible  radiation.  It  is  perhaps  significant  that  plants  do  not 
grow  well  in  desert  countries  where  radiation  and  temperature  are  high 
but  the  water  supply  is  hmited.  In  order  to  conserve  the  available  water, 
desert  plants  have  a  decreased  leaf  area  exposed  to  radiation  and  this  in 
turn  decreases  photosynthesis  and  growth.  Plants  produce  most 
abundantly  only  w'here  an  adequate  transpiration  stream  can  be  main- 
tained to  supply  large  areas  of  leaves  exposed  to  radiant  energy. 

INJURY  FROM  INFRA-RED 

o 

Burns  (5)  recently  found  that  infra-red  radiation  longer  than  XI  1,000  A 
was  slightly  detrimental  to  photosynthesis  when  the  plant  is  at  a  suffi- 
ciently high  temperature.  His  method  was  to  expose  potted  seedlings  of 
white  pine  or  spruce  sealed  in  bell  jars  to  the  total  output  of  four  1000- 
watt  lamps  placed  at  the  four  corners  of  a  rectangle.  The  plants  were 
placed  in  the  center  of  the  rectangle  and  the  amount  of  carbon  dioxide 
decomposed  in  a  2-hr.  observation  period  when  exposed  to  the  total  output 
was  compared  with  the  amount  decomposed  when  exposed  similarly 
except  that  the  output  of  each  lamp  was  filtered  through  1  in.  of  water 
plus  two  layers  of  plate  glass,  each  3  mm.  in  thickness.  The  total  energy 
used  in  the  two  types  of  exposure  was  of  the  order  of  3  to  1.     The  efii- 
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ciency  of  infra-red  plus  light  as  compared  with  light  alone  (using  the  water 
filters)  ranged  from  85.5  to  99.0  for  pine  seedhngs.  The  temperature 
in  the  series  of  infra-red  experiments  ranged  from  27.0°  to  33.5°C.  This 
is  presumably  air  temperature  under  the  bell  jars.  While  no  record  of 
the  tissue  temperature  under  the  two  conditions  of  illumination  is  given, 
there  is  the  possibility  that  this  was  somewhat  higher  under  the  visible 
plus  infra-red  conditions  since  the  energy  level  used  was  more  than  three 
times  as  great.  This  possible  increase  in  temperature  might  account 
for  the  slight  decrease  in  efficiency  at  the  higher  energy  level.  Burns 
noted  that  the  temperature  coefficient  of  photosynthesis  at  28°C.  is  so 
near  one  that  no  effect  of  temperature  can  be  detected  in  his  experiments. 
Lundegardh  (17),  however,  working  with  broad-leaf  plants,  has  shown 
that  this  quotient  is  often  less  than  one  with  low  light  intensity  and  higher 
carbon  dioxide  concentrations  (1.22  per  cent)  and  that  the  amount  of 
carbon  dioxide  assimilated  falls  off  with  increasing  temperature  from  25° 
to  35°C.  Other  factors  such  as  respiration  and  stomatal  opening  should 
also  be  considered.  In  the  absence  of  further  data  it  cannot  be  regarded 
as  definitely  established  that  the  infra-red  of  wave-length  longer  than 

o 

11,000  A  is  detrimental  to  photosynthesis. 

Attention  has  already  been  directed  to  the  injuries  on  leaves  produced 
by  high  infra-red  along  with  high  temperature  and  high  relative  humidity. 
It  is  probable  that  only  under  extreme  conditions  could  such  an  injury 
result  except  where  plants  were  limited  in  the  amount  of  water  supplied 
them.  There  is  the  possibility  of  injury,  however,  in  the  case  of  plant 
organs  exposed  to  infra-red,  which,  on  account  of  the  nature  of  the  epi- 
dermis, either  cannot  lose  moisture  or  lose  it  only  in  insufficient  amounts 
to  take  care  of  the  radiation  supplied.  Arthur  (1)  has  observed  a  case 
of  this  kind.  Apples  were  kept  in  an  insulated  box,  the  air  temperature 
of  which  was  maintained  at  about  2°C.  A  500-watt  Mazda  lamp  was 
suspended  over  the  box  at  a  distance  of  approximately  30  in.  above  the 
fruit.  A  filter  made  up  of  Coming's  heat-transmitting  glass  was  placed 
over  the  box  at  a  distance  of  24  in.  below  the  lamp.  After  five  days' 
exposure  to  the  infra-red  output  of  the  lamp,  a  wrinkled,  necrotic  area 
developed  on  the  side  of  the  apples  exposed.  The  internal  temperature 
of  the  apples  was  found  to  be  about  20°C.  higher  than  the  surrounding  air. 
While  this  temperature  was  considerably  above  that  of  the  air,  it  was 
believed  that  it  was  not  sufficiently  high  to  have  caused  the  injury  on  the 
upper  surfaces  of  the  apples.  The  injury  was  thought  to  have  been 
produced  by  the  direct  action  of  infra-red  on  a  tissue  which  absorbs  it 
freely.  A  second  test  was  made  using  the  visible  output  of  the  same 
lamp  as  transmitted  by  a  filter  consisting  of  1  cm.  of  water  and  Coming's 
Aklo  heat-absorbing  glass.  No  injury  was  produced.  It  should  be 
pointed  out,  however,  that  the  energy  value  in  this  case  was  much  less 
as  the  distance  from  the  lamp  to  the  fmit  remained  the  same.     It  is 
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possible  that  an  equal  amount  of  energy  in  the  visible  region  would  have 
produced  a  similar  injury.  More  work  needs  to  be  done  before  it  can 
be  definitely  established  that  the  infra-red  is  more  injurious  to  plant 
tissue  than  the  visible  region  when  compared  on  an  equal  energy  basis. 

The  fact  remains  that  such  fruits  and  other  similarly  constructed 
plant  organs  absorb  energy  in  both  the  visible  and  infra-red  and  are  not 
designed  to  eliminate  this  energy  rapidly  by  the  evaporation  of  water 
from  their  surface.  Such  types  of  "sun  scald"  have  been  observed  by 
Ramsey  (18)  on  onions  harvested  and  exposed  to  sunlight  in  crates  and 
by  Le  Clerg  (16)  on  honeydew  melons  exposed  to  sunlight  when  the  leaves 
were  killed  by  fungi.  Cases  have  also  been  reported  of  sun  scald  on  the 
trunks  of  young  apple  trees.  There  is  the  possibility  that  all  such  types 
of  sun-scald  injury  may  be  produced  by  high  radiation  values  in  both  the 
infra-red  and  visible  regions, 
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INTRODUCTION 

In  trying  to  arrive  at  a  definite  understanding  of  the  effect  of  ultra- 
violet radiation  upon  plants  one  is  immediately  confronted  by  the  fact 
that  few  experiments  have  been  conducted  in  which  ultra-violet  alone 
was  the  causative  variable.  There  is  consequently  little  agreement 
among  the  investigators.  Furthermore,  the  beneficial  effects  of  ultra- 
violet on  the  animal  organism  have,  in  recent  years,  encouraged  the 
attempt  to  demonstrate  similar  effects  on  plants,  with  the  result  that 
a  great  number  of  short  experiments  have  been  reported  in  which  the 
lack  of  adequate  controls  has  rendered  the  conclusions  of  doubtful 
value.  In  view  of  these  facts  the  best  that  can  be  done  in  a  review  of  this 
kind  is  to  point  out  the  claims  of  the  various  investigators  and  to  evaluate 
them  as  far  as  possible  on  the  basis  of  the  merits  and  defects  of  their 
methods.  The  discussion  which  follows  is  subdivided  according  to  the 
nature  of  the  work  reported. 

THE  EFFECT  OF  ULTRA-VIOLET  RADIATION  UPON  SEED  GERMINATION 
AND  EARLY  GROWTH  OF  SEEDLINGS 

EARLIER  INVESTIGATIONS 

Before  1921  very  few  investigations  had  been  carried  out  on  the 
effects  of  ultra-violet  radiation  upon  seed  germination  and  early  growth 
of  seedlings.  Carl  (9)  had  stated  that  ultra-violet  rays  from  a  mercury- 
vapor  lamp  were  detrimental  to  seed  germination  and  the  early  growth 
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of  plants.  Raybaud  (75,  76),  on  the  other  hand,  had  reported  that  the 
rate  of  germination  of  certain  seeds  was  increased  by  such  radiation,  but 
that  the  seedhngs  were  injured  and  died  soon  after  emerging  from  the 
seed  coats.  Schanz  (89)  had  found  that  seeds  did  not  sprout  so  readily 
in  daylight  containing  ultra-violet  radiation  as  in  daylight  from  which 
this  radiation  was  screened  out. 

In  1921  Popp  (69,  70)  carried  out  a  more  detailed  investigation  of 
this  subject.  In  a  series  of  experiments  upon  various  types  of  seeds, 
including  foxglove,  tobacco,  mustard,  corn,  Canada  field  peas,  lupine, 
and  sunflower,  he  made  numerous  tests  using  the  mercury  arc  in  quartz  as 
the  only  source  of  radiation.  In  some  cases  it  was  used  unscreened  and 
in  others  screened  by  various  filters.  The  length  of  exposure  ranged 
from  a  total  of  1  to  2  up  to  6  to  10  hr.  per  day  for  several  days.  The 
ranges  of  radiation  reaching  the  experimental  plants  were  indicated  by 
spectrograms.  From  50  to  100  seeds  were  used  in  each  test  with  a  corre- 
sponding number  of  controls,  involving  a  total  of  about  5000  seeds. 
Plants  were  compared  which  had  received  approximately  only  the  region 
4200  to  3200  A  plus  some  infra-red,  only  the  visible  and  infra-red  plus  the 
ultra-violet  down  to  about  3000  A  and  the  visible  and  infra-red  plus 
the  ultra-violet  down  to  about  2000  A.  Intensity  differences  under  the 
various  experimental  conditions  were  not  recorded  because  instruments 
for  measuring  these  were  not  available. 

The  experiments  indicated  that  exposures  of  dry  seeds  to  the  entire 
radiation  of  a  quartz  mercury  arc  for  as  long  as  188  hr.  had  no  effect  on 
later  germination  and  growth  and  that  exposures  of  less  than  2  hr. 
of  soaked  seeds  that  had  not  yet  begun  to  sprout  had  no  effect  on  later 
germination  and  growth.  This  was  explained  as  probably  due  to  the 
failure  of  the  short  injurious  rays  to  penetrate  sufficiently  to  be  effective. 
Longer  exposures  of  soaked  seeds  were  injurious,  and  wave-lengths 
below  3000  A  were  particularly  harmful.  No  differences  in  rate  of 
germination  were  noted  in  seeds  grown  in  the  dark,  in  the  radiation  of  the 
lamp  from  which  the  ultra-violet  was  screened  off,  or  under  the  lamp 
from  which  only  the  ultra-violet  below  about  3000  A  was  screened  off. 
If,  however,  the  principal  radiation  (aside  from  infra-red)  that  the  seeds 
received  was  ultra-violet  of  the  approximate  region  4000  to  3000  A, 
injurious  effects  were  indicated,  more  upon  the  seedlings  after  germina- 
tion than  upon  the  rate  of  germination,  but  these  effects  were  probably 
chiefly  caused  by  the  absence  of  sufficient  light  for  growth.  Seedlings 
grown  with  the  unscreened  lamp  as  the  only  source  of  radiation  never 
developed  beyond  the  stage  that  would  result  from  food  stored  in  the 
seeds.  This,  plus  the  fact  that  starch  tests  were  negative  on  mature 
geranium  leaves  which  had  been  irradiated,  was  thought  to  be  an  indica- 
tion that  food  synthesis  is  slight  under  the  radiation  of  the  unscreened 
lamp. 
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From  1921  to  1927  the  reports  of  Sibilia  (104),  Russell  and  Russell 
(84),  Dane  (14),  and  Ritson  (Delf,  Ritson,  and  Westbrook,  21)  all  indi- 
cated only  injurious  effects  of  the  unscreened  mercury-vapor  arc. 

MORE  RECENT  INVESTIGATIONS 

Since  1927,  in  addition  to  reports  indicating  only  injurious  or  indiffer- 
ent effects  of  ultra-violet  on  seeds  and  seedlings,  numerous  papers  have 
appeared  in  which  an  apparent  effort  has  been  made  to  demonstrate 
beneficial  or  "stimulating"  effects  of  the  ultra-violet. 

Sheard  with  Higgins  and  Foster  published  a  number  of  papers  on 
the  effect  of  "general"  and  "selective"  irradiation  upon  plants.  Four 
of  these  (Sheard  and  Higgins,  95,  96;  Sheard,  Higgins,  and  Foster,  97; 
Higgins  and  Sheard,  39)  deal  with  germination  of  seeds  and  early  growth 
of  seedlings.  Although  the  conclusions  of  these  authors  have  been 
repeatedly  referred  to  as  though  they  were  established  facts,  a  careful 
examination  of  the  experimental  procedure,  the  results  obtained,  and  the 
complete  lack  of  data  in  some  instances,  reveals  the  unsoundness  of  these 
conckisions.  For  a  more  detailed  criticism  of  this  work  the  reader  is 
referred  to  Popp  and  Brown  (74,  pages  163-165). 

Another  good  illustration  of  the  type  of  work  that  has  been  reported 
so  often  since  possible  stimulating  effects  of  ultra-violet  on  plants  have 
been  sought  is  seen  in  Valentin's  experiments  (119)  with  Ultravit  glass, 
a  German  product,  which  transmits  all  wave-lengths  of  daylight  ultra- 
violet. He  compared  school  children,  various  chemicals,  and  the  germi- 
nation and  growth  of  plants  in  two  schoolrooms  having  Ultravit  glass 
windows,  with  those  in  two  schoolrooms  having  ordinary  glass  windows. 
Corn,  oats,  beans,  and  peas  were  put  in  each  schoolroom,  eight  seeds  per 
room.  These  were  planted  in  flower  pots  equally  deep  in  the  soil. 
("  Die  Samen  wurden  gleichmassig  tief  in  die  Erde  gebracht".)  Because 
the  seedlings  in  the  pots  behind  Ultravit  glass  appeared  above  ground 
sooner  than  those  behind  window  glass,  the  conclusion  of  the  author  was 
that  the  earlier  appearance  of  the  one  set  of  seedlings  was  due  to  stimula- 
tion of  germination  by  the  ultra-violet  transmitted  by  Ultravit  glass  and 
not  by  window  glass.  It  is  difficult  to  understand  how  any  ultra-violet 
could  possibly  have  reached  seeds  buried  in  soil.  Further  growth  of  the 
seedlings  was  somewhat  better  behind  Ultravit  glass  than  behind  window 
glass. 

While  it  is  obvious  that  results  of  this  type  cannot  legitimately  be 
attributed  to  ultra-violet,  Valentin's  work,  like  that  of  Sheard  and 
Higgms,  has  been  quoted  by  later  investigators  in  support  of  the  thesis 
that  ultra-violet  radiation  is  "stimulating"  to  plants.  It  cannot  be 
overemphasized  that  in  the  reading  of  reports  of  this  type  it  is  extremely 
important  to  examine  carefully  the  methods  of  the  investigators  and  not 
merely  their  summaries  and  conclusions. 
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From  brief  reports  in  Gardeners'  Chronicle  for  1927  and  1928  by 
Maddock  (49),  Russell  (83),  and  the  Kew  Gardens  (42)  it  appears,  in 
general,  that  better  results  were  obtained  in  houses  covered  with  the 
English  vita  glass,  which  also  transmits  all  wave-lengths  of  daylight 
ultra-violet,  than  in  houses  covered  with  ordinary  window  glass,  which 
transmits  only  down  to  about  3130  A.  The  source  of  radiation  in  these 
experiments  was  daylight  only.  Russell  states  that  seeds  and  seedlings 
when  screened  with  vita  glass  germinated  earlier  and  showed  taller  and 
sturdier  growth  than  did  those  under  ordinary  glass,  but  no  definite 
data  are  given  in  his  report.  In  the  Kew  Gardens  report  it  is  stated, 
regarding  germination  that  "the  first  lap  of  the  race  between  two  sets  of 
seeds  and  plants  .  .  .  has  ended  in  victory  by  24  hours  for  those  grown 
under  the  new  glass  which  admits  the  ultra-violet  rays  of  the  sun."  The 
mistake  made  in  all  these  papers  is  that  of  attributing  the  results  to  one 
variable,  ultra-violet,  when  many  other  variables  such  as  temperature, 
total-radiation  intensity,  visible  radiation,  and  infra-red  radiation,  also 
existed. 

Jacobi  (40),  after  giving  an  extensive  review  of  literature  dealing 
with  general  effects  of  ultra-violet  radiation,  presents  the  results  of  his 
own  experiments,  somd  of  which  were  concerned  with  seed  germination. 
Radish,  mustard,  and  lettuce  seeds  were  selected  for  this  work  because 
they  were  thought  to  give  better  germination  in  the  dark  than  in  the 
light.  A  mercury-vapor  lamp  was  used  as  the  source  of  radiation.  By 
the  use  of  glass  and  solution  screens  all  other  regions  of  the  spectrum 
were  eliminated  except  the  region  between  3000  and  4000  A.  When  dry 
seeds  were  exposed  to  this  region  for  periods  of  8,  16,  24,  and  32  hr.,  no 
marked  effect  was  produced  on  germination  except  that  the  mustard 
irradiated  24  hr.  and  the  lettuce  irradiated  32  hr.  seemed  to  be  furthered 
in  growth  after  two  days.  Soaked  seeds,  on  the  other  hand,  irradiated 
for  2,  4,  6,  and  8  hr.  were  reported  to  give  a  somewhat  higher  rate  of 
germination.  Exposures  of  soaked  seeds  for  10  hr.  reduced  the  rate  of 
germination.  Seeds  irradiated  after  the  emergence  of  the  radicle  were 
unaffected  by  irradiations  of  2,  4,  6,  8,  or  10  hr. 

An  examination  of  the  data  in  which  favorable  effects  of  the  radiation 
seem  to  have  occurred  shows  wide  variations  and  fluctuations  in  the  rate 
of  germination  of  irradiated  plants  as  compared  with  controls.  For 
example,  after  66  hr.  the  average  percentage  germination  of  lettuce 
irradiated  for  2  hr,  was  65.5  while  that  of  the  control  was  63.75  per  cent, 
but  this  same  seed  irradiated  for  4  hr.  gave  63.5  per  cent  germination 
in  the  same  time,  while  the  control  gave  68.5  per  cent.  Furthermore, 
there  is  no  consistent  correlation  between  time  of  irradiation  and  effect. 
In  one  instance  the  2-hr.  exposure  gave  the  highest  rate;  in  another  the 
6-hr.  one;  in  still  another,  the  8-hr.  one.  While  in  many  cases  the 
controls  were  somewhat  behind  the  irradiated  plants  in  rate  of  germina- 


ULTRA-VIOLET  AND  SEED  PLANTS  857 

tion,  fluctuations  are  so  great  that  it  would  hardly  be  justifiable  to 
attribute  this  to  a  stimulating  effect  of  the  region  between  3000  and 
4000  A. 

Mezzadroli  and  Vareton  (61,  62),  Popoff  (68),  and  Malhotra  (50)  also 
claim  to  have  obtained  favorable  effects  on  germination  and  early 
seedling  growth  by  means  of  ultra-violet  radiation.  In  all  cases  the 
conclusions  do  not  seem  justifiable  from  the  experimental  data  presented. 
For  a  more  detailed  criticism  of  their  work  the  reader  is  referred  to  Popp 
and  Brown  (74,  pages  167-168). 

One  of  the  most  recent  papers  in  which  stimulation  of  early  develop- 
ment of  seeds  is  claimed  is  that  of  Masure  (55).  He  has  watched  the 
behavior  for  4  days  of  pea  seeds  kept  in  the  dark  after  irradiation  for 
various  lengths  of  time  with  a  mercury-vapor  arc  in  quartz  through  a 
Corning  G586AW  screen.  The  range  of  this  filter  was  given  as  3334  to 
3690  A  with  a  maximum  transmission  in  the  region  3650  A. 

In  the  summary  of  the  paper  only  the  possible  demonstration  of 
stimulation  is  mentioned,  although  earlier  in  the  paper  the  author  gives 
data  which  he  himself  states  as  indicating  lack  of  stimulation.  For 
instance,  under  no  conditions  of  exposure  in  which  the  rate  of  germination 
was  recorded  did  the  irradiation  of  dry  or  soaked  seeds  influence  in  any 
significant  degree  the  rate  of  germination.  As  stated  by  the  author, 
"The  results  obtained  allow  only  one  conclusion  to  be  draw^n, namely,  that 
raying  has  no  marked  effect  on  the  rate  of  germination."  Moreover, 
the  data  including  average  hypocotyl  lengths  of  seedlings  subjected  to 
statistical  analyses  "do  not  indicate  that  the  raying  had  a  distinctly 
significant  effect  on  the  seeds." 

The  author's  statistically  significant  figures  indicating  stimulation 
were  obtained  by  comparing  frequency  distributions  of  root  growth  of 
seedlings  of  related  pairs  of  lots  of  rayed  and  control  populations.  In  this 
comparison  the  frequency-distribution  curves  for  a  treated  and  a  corre- 
sponding control  lot  were  plotted  on  the  same  sheet  of  graph  paper,  and  a 
comparison  made  of  the  shift  of  the  treated  relative  to  the  control  popula- 
tion. By  thus  abandoning  "average  growth  values"  as  masking  the 
effect  of  raying  and  resorting  to  statistically  analyzed  frequency-distribu- 
tion curves  of  root  growth,  he  has  obtained  significant  figures  in  favor  of 
raying;  that  is,  the  percentage  number  of  seedlings  of  rayed  lots  growing 
as  fast  as  the  fastest  third  of  control  lots  was  greater  for  rayed  groups. 
While  the  statistical  methods  used  seem  to  be  satisfactory,  the  author  has 
failed  to  give  the  data  which  would  enable  one  to  determine  actual 
population  distributions,  upon  which  his  only  demonstration  of  stimula- 
tion is  dependent.  Furthermore,  it  cannot  be  overemphasized  that  w'hile 
statistical  analyses  may  show  significant  differences  between  test  plants 
and  controls,  no  statistical  method  in  any  sense  indicates  that  one  of  a 
multiple  of  operating  factors  is  the  sole  cause  of  the  significant  difference 
unless  all  of  these  factors  are  taken  into  account. 
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That  variations  between  test  plants  and  controls  other  than  the 
presence  or  absence  of  ultra-violet  radiation  did  occur  in  Masure's 
experiments  is  very  probable.  Certain  measurements  of  the  radiation 
used  by  Masure,  made  in  our  laboratories  with  a  Kimball  and  Hobbs 
pyrheliometer,  indicate  this.  A  sample  of  G586AW  glass  of  the  type  used 
by  Masure  gave  a  total  transmission  of  10.71  per  cent  of  the  radiation 
from  a  Cooper  Hewitt  mercury-vapor  arc.  When  a  sample  of  Noviol 
"0"  glass  was  interposed  between  the  mercury  arc  and  the  G586AW 
screen,  the  transmission  was  7.14  per  cent  of  the  energy  incident  on  the 
Noviol  "0"  screen.  Since  the  Noviol  "0"  glass  transmits  practically 
no  ultra-violet,  the  7.14  per  cent  transmission  of  these  two  glasses  together 
must  represent  energy  in  the  visible  and  infra-red,  though  chiefly  in  the 
infra-red,  since  the  G586AW  glass  transmits  only  very  feebly  in  a  small 
part  of  the  extreme  visible  red.  Since  the  transmission  of  G586AW  alone 
was  only  10.71  per  cent  of  the  total  energy  of  the  mercury  lamp  and  since 
when  all  ultra-violet  was  removed  the  transmission  was  still  7.14  per  cent, 
it  is  obvious  that  the  ultra-violet  transmission  of  G586AW  could  not 
exceed  3.5  per  cent.  If  the  absorption  of  infra-red  by  the  Noviol  "0" 
glass  were  taken  into  account,  this  figure  would  be  reduced  still  further. 
When  we  consider  that  a  large  part  of  the  energy  from  a  mercury  arc  is 
in  the  ultra-violet,  and  that  when  all  this  is  eliminated  the  G586AW 
filter  still  transmits  66  per  cent  as  much  energy  as  it  does  when  the  ultra- 
violet is  present,  we  must  conclude  that  the  G586AW  screen  transmits 
infra-red  better  than  it  transmits  ultra-violet.  If  then  we  get  differences 
in  germination  under  this  screen,  it  is  hardly  justifiable  to  attribute  them 
to  ultra-violet  unless  we  have  supplied  our  controls  with  an  equal  amount 
of  infra-red.  In  any  case  we  can  hardly  agree  with  the  author  that  his 
experiments  were  conducted  in  the  absence  of  all  other  radiations  than 
ultra-violet.  While  it  is  possible  that  very  small  differences  in  the  ultra- 
violet might  be  more  effective  than  large  differences  in  the  infra-red,  we 
cannot  be  certain  of  this  until  it  has  been  demonstrated  experimentally. 
If,  as  in  the  case  of  Masure's  experiments,  the  differences  are  so  slight 
as  to  require  statistical  manipulation  to  bring  them  out,  we  can  reasonably 
doubt  that  the  ultra-violet  was  very  effective. 

It  might  further  be  mentioned  that  some  of  the  significant  figures  are 
based  on  averages  of  seedlings  which  received  exposures  ranging  from 
15  min.  to  72  hr.  This  is  not  a  very  satisfactory  grouping  of  data.  In 
other  cases  individual  series  were  analyzed.  One  would  expect  that  if 
the  ultra-violet  is  the  effective  agent  in  producing  beneficial  results,  there 
would  be  some  relation  between  time  or  intensity  of  exposure  and  the 
effect  produced.     Yet  no  relation  is  apparent. 

Masure's  experiments  were  conducted  with  seeds  in  closed  dishes 
placed  at  distances  of  8.5,  17.5,  and  18  cm.  from  the  mercury  arc  lamp. 
It  is  difficult  to  understand  how  a  fan  alone  would  prevent  heating  effects 


ULTRA-VIOLET  AND  SEED  PLANTS  859 

from  the  lamp  at  such  short  distances,  especially  under  periods  of  irradia- 
tion lasting  several  hours.  In  his  lots  H  and  K  the  seeds,  in  Petri  dishes, 
were  covered  with  G586AW  glass  and  then  brought  to  a  distance  of 
8.5  cm.  from  the  arc.  Under  these  conditions  heating  effects  must  have 
been  pronounced. 

In  view  of  all  these  considerations,  it  is  obviously  impossible  to  accept 
the  author's  conclusion  that  "ultra-violet  radiation  of  X3650  A,  in  the 
time  and  intensity  employed  and  in  the  absence  of  all  other  radiations 
throughout  the  experiment,  exerts  a  stimulative  action  on  the  subsequent 
rate  of  growth  of  the  hypocotyl  of  pea  seeds  irradiated  in  the  air-dry 

state." 

As  opposed  to  these  papers  reporting  beneficial  or  "stimulating" 
effects,  there  have  been  since  1927  several  papers  in  which  only  harmful 
or  indifferent  effects  of  ultra-violet  on  seeds  and  seedlings  are  indicated. 
Unscreened-arc  experiments  in  general  have  yielded  such  results  and  have 
failed  to  show  beneficial  or  "stimulating"  effects. 

Popp  and  Brown  (72,  73,  74)  have  over  a  period  of  years  carried  out 
experiments  on  seed  germination  and  early  growth  of  seedlings  using 
chiefly  turnip  but  also  radish,  cucumber,  pigweed,  and  curled  dock. 
Many  thousands  of  seeds  have  been  used  in  these  experiments.  No  less 
than  50  seeds  per  culture  were  ever  used  in  any  test.  A  number  of  differ- 
ent series  of  experiments  have  been  completed.  The  seeds  were  usually 
germinated  on  moist  filter  paper  and  cotton  and  kept,  except  for  short 
daily  exposures  to  the  mercury- vapor  arc,  some  in  the  dark,  some  in 
diffused  light,  and  some  in  diffused  light  minus  all  ultra-violet.  Irradia- 
tions were  given  with  the  unscreened  arc  and  with  the  arc  screened  with 
various  Corning  filters.  A  special  effort  was  made  to  provide  adequate 
controls.  The  irradiations  were  usually  given  for  10  days  when  rapidly 
germinating  seeds  were  used. 

The  outstanding  results  of  these  experiments  have  been  (a)  the  marked 
and  invariably  injurious  effect  on  seedlings  of  the  radiation  of  the 
unscreened  arc  even  for  exposures  as  brief  as  3^  min.  per  day,  (6)  the 
lessened  injurious  effect  of  the  radiation  through  a  Corex  filter,  and  (c)  the 
failure  of  any  region  of  the  ultra-violet  studied  to  influence  significantly 
the  rate  or  the  percentage  of  germination  or  to  stimulate  the  growth  of 
seedlings.  It  should  be  emphasized  that  no  significant  stimulation  was 
ever  obtained  when  adequate  controls  were  used.  The  effects  were  recorded 
by  general  appearance  of  cultures,  hypocotyl  lengths,  leaf  measurements, 
and  dry  weights. 

Cluzet  and  Kofman  (11),  Mezzadroli  and  Vareton  (62),  and  Fires  de 
Lima  (67),  also  report  unfavorable  or  harmful  effects  on  seeds  and  seed- 
lings of  ultra-violet  radiation  from  unscreened  merciiry-vapor  lamps. 
Detwiler  (22)  found  that  the  region  2700  to  3200  A  caused  delayed 
germination  and  pronounced  stunting  of  seedlings  of  Rihes  rotundifolium. 
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Tinker  (112)  obtained  indifferent  results  on  rate  of  germination  of  vege- 
table seeds  in  frames  with  ordinary  glass  and  special  ultra-violet  trans- 
mitting glasses  when  daylight  was  the  source  of  radiation. 

SUMMARY 

Viewing  collectively  the  experiments  thus  far  carried  out  on  the  effect 
of  ultra-violet  radiation  on  seed  germination  and  the  early  growth  of 
seedlings,  one  observes  that  the  only  fact  clearly  demonstrated  is  the 
injurious  effect  of  short-wave  radiation,  that  below  2900  A.  While 
there  is  some  indication  that  certain  ranges  of  ultra-violet  might  be 
beneficial  in  one  way  or  another,  the  results  so  far  reported  are  far  from 
conclusive,  and  the  evidence  from  more  carefully  controlled  experiments 
would  indicate  little  or  no  effect  of  the  longer  wave-lengths,  those  from 
2900  to  4000  A. 

GENERAL    STUDIES    ON    THE    EFFECT    OF    ULTRA-VIOLET     RADIATION 

UPON  MORE  MATURE  PLANTS 

INTRODUCTION 

The  preceding  paragraphs  have  been  concerned  with  investigations 
dealing  exclusively  with  the  effects  of  ultra-violet  radiation  upon  seed 
germination  and  the  first  stages  of  seedling  growth.  Numerous  investiga- 
tions dealing  with  effects  on  plants  in  more  advanced  stages  of  growth 
and  on  plants  under  observation  for  considerable  periods  of  time  have  also 
been  reported.  In  these,  evidence  for  effects  of  ultra-violet  has  been  given 
in  terms  of  general  appearance  of  the  plant,  necrosis,  height  measurements, 
number  and  size  of  leaves,  time  and  degree  of  flowering  and  fruiting,  fresh 
weight,  dry  weight,  and  ash  content.  In  addition,  stem  diameter, 
pigment  development,  development  of  spines,  hairs,  etc.,  anatomical 
features,  chemical  composition,  enzyme  activity,  and  various  other 
criteria  have  been  used. 

The  experiments  have  been  carried  out  in  various  ways.  In  some, 
the  effects  of  single  exposures  or  several  exposures  to  a  mercury-vapor 
arc  have  been  noted.  In  others,  plants  have  been  grown  for  considerable 
periods  in  daylight  from  which  all  ultra-violet  rays  have  been  eliminated 
by  appropriate  screens.  In  others,  plants  have  been  grown  for  a  number 
of  weeks  under  ordinary  greenhouse  conditions  with  additional  short 
daily  irradiations  from  a  mercury  arc  in  quartz  either  unscreened  or 
covered  with  one  of  several  filters.  In  others,  artificial  illumination  only 
has  been  used,  in  combination  with  various  filters.  In  still  others,  plants 
grown  in  houses,  frames  or  boxes  with  ordinary  glass  panes  have  been 
compared  with  plants  under  similar  conditions  except  that  the  ordinary 
glass  panes  were  replaced  by  one  of  a  number  of  special  ultra-violet  trans- 
mitting glasses.  The  wide  differences  in  the  methods  of  procedure  make 
it  necessary  to  consider  the  results  obtained  under  the  various  conditions 
separately. 
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INVESTIGATIONS    DEALING    PRINCIPALLY    WITH    INJURIOUS 
EFFECTS    OF    SHORT-WAVE    ULTRA-VIOLET    RADIATION 

Earlier  works  such  as  those  of  Siemens  (105),  Deh^rain  (19),  Bailey 
(4,  5,  6),  Bonnier  (7),  and  Rowlee  (82)  with  electric  arc  light,  while  not 
primarily  concerned  with  ultra-violet,  did  demonstrate  its  destructive 
action.  The  works  of  Hertel  (37,  38),  Maquenne  and  Demoussy  (51,  52, 
53),  Kluy\'er  (43,  44),  Stoklasa  (108,  109,  110),  Ursprung  and  Blum  (118), 
and  Martin  and  Westbrook  (54)  appeared  later.  These  investigators 
all  noted  the  superficial  destructive  action  of  the  short-wave  ultra-violet. 
This  destructive  action  manifested  itself  in  the  discoloration,  collapse, 
and  death  of  outer  layers  of  cells,  the  depth  of  the  injury  depending  upon 
the  intensity,  quality,  and  duration  of  the  irradiation  as  well  as  on  the 
nature  of  the  tissues  themselves.  Kluyver  (45)  emphasized  for  the  first 
time  that  the  destructive  rays  were  not  present  to  any  appreciable  extent 
in  solar  radiation. 

More  recently  Arthur  and  Newell  (3)  have  performed  experiments 
to  determine  what  region  of  the  ultra-violet  is  most  injurious  and  whether 
that  region  near  2900  A,  the  extreme  limit  for  solar  radiation,  is  injurious 
to  plant  tissue.  Using  a  quartz  mercury  arc  and  a  series  of  Corning 
filters  which  absorbed  progressive  increments  of  the  extreme  ultra-violet 

o 

between  wave  lengths  2000  and  2900  A,  they  noted  the  time  necessary  to 
produce  marked  injury  on  young  tomato  plants.  Spectrograms  and 
transmission  curves,  after  continued  use  of  the  filters,  were  given  so  that 
the  nature  and  amount  of  ultra-violet  actually  reaching  the  plants  were 
definitely  known.  In  addition,  the  total  radiant  energy  reaching  the 
plants  through  the  various  screens  was  measured  by  a  Weather  Bureau 
type  pyrheliometer.  Not  more  than  6  per  cent  variation  was  found  to 
occur.  Provisions  were  made  for  maintaining  the  constancy  of  the 
radiation  of  the  mercury  arc.  The  filters  used  were  found  not  to  solarize. 
Hence  these  experiments  were  performed  under  carefully  controlled  and 
relatively  definitely  known  conditions  of  radiation. 

The  results  showed  that  the  time  of  exposure  to  the  arc  necessary 
to  cause  marked  injury  increased  rapidly  as  more  and  more  of  the  extreme 
ultra-violet  component  was  cut  off  from  the  plants.  By  means  of  a 
quartz  concentrating  lens  which  increased  the  intensity  three-fold  it  was 
also  shown  that  apparently  the  time  of  exposure  necessary  to  cause 
marked  injury  with  a  given  quality  of  radiation  is  approximately  inversely 
proportional  to  the  incident  energy.  The  injury  produced  was  found 
not  to  be  cumulative.  That  is,  a  plant  but  slightly  injured  by  a  single 
irradiation  of  a  given  duration  through  a  certain  filter  received  little 
further  injury  when  irradiated  through  that  same  filter  each  day  for 
several  weeks  for  that  same  length  of  time.     However,  since  new  tissue 
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is  continually  forming  as  the  plant  grows,  the  total  injurious  effect  pro- 
duced on  a  plant  was  much  greater  when  it  was  exposed  often  than 
otherwise.  No  marked  beneficial  effects  were  observed  in  any  of  these 
experiments.  Nor  was  any  injury  produced  within  the  extreme  limits  of 
wave-lengths  present  in  solar  radiation  except  under  conditions  which 
never  occur  in  nature,  namely,  irradiation  through  a  concentrating  lens 
and  a  screen  transmitting  faintly  to  2890  A  for  163^^  hr.  Injury  did 
result,  however,  from  wave-lengths  but  slightly  shorter  than  those  occur- 
ring in  solar  radiation. 

These  carefully  conducted  experiments  confirm  once  again,  and  more 
accurately  than  previous  experiments  had,  the  results  of  earlier  workers 
who  have  obtained  injurious  effects  with  short-wave  ultra-violet  radiation. 

That  the  injurious  effects  of  ultra-violet  radiation  are  only  temporary 
has  been  emphasized  by  Sibilia  (104),  Jacobi  (40),  Popp  and  Brown  (73), 
Arthur  and  Newell  (3),  and  Detwiler  (22)  who  found  that  temporary 
effects  on  general  appearance,  color,  size,  general  vigor,  and  weight 
disappeared  when  the  injurious  irradiations  ceased,  the  length  of  time 
necessary  for  this  being  dependent  upon  the  degree  of  injury,  unless  the 
injury  was  too  severe,  in  which  case  the  plants  died. 

Recently  Fuller  (30)  has  concluded  from  an  experiment  with  12 
tomato  plants  per  culture,  and  three  cultures  that  the  injurious  effects 
of  the  open  arc  at  short  distances  are  due  in  considerable  degree  to  infra- 
red radiation  from  the  arc.  Unfortunately,  the  author  has  worked  with 
relatively  uncontrolled  conditions  with  regard  to  the  radiations  under 
consideration.  He  assumed  that  interposing  a  1.5-cm.  quartz  water 
cell  between  the  mercury  arc  and  the  plants  caused  no  diminution  in  the 
intensity  of  the  ultra-violet  reaching  the  plants  as  compared  with  the 
unscreened  lamp.  That  this  is  not  true  is  indicated  by  an  examination 
of  the  coefficients  of  absorption  of  water  in  the  ultra-violet  as  given  in 
the  International  Critical  Tables.  In  addition,  measurements  made  in 
our  laboratories  with  a  Westinghouse  P.E.  ultra-violet  meter  indicate  that 
the  ultra-violet  intensity  is  cut  down  25  per  cent  in  passing  through  such 
a  cell.  Furthermore,  the  shorter  the  wave-lengths  the  greater  is  the 
absorption.  Thus  the  destructive  radiation  is  reduced  much  more  than 
the  longer,  less  destructive  radiation.  Obviously  the  diminished  injury 
by  irradiation  through  the  water  cell  cannot  be  assumed  to  be  due  merely 
to  the  elimination  of  infra-red.  The  possible  injurious  effect  of  infra-red 
radiation  of  high  intensity  is  by  no  means  denied,  but  Fuller's  experi- 
ments do  in  no  way  disclose  that  the  injurious  effects  indicated  for 
short-wave  ultra-violet  by  the  more  accurately  controlled  experiments 
of  previous  investigators  are  without  foundation.  If  Fuller  actually 
wished  to  demonstrate  injurious  effects  of  infra-red,  it  is  difficult  to 
understand  why  he  did  not  expose  some  plants  to  the  infra-red  in  the 
absence  of  all  ultra-violet. 
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INVESTIGATIONS  DEALING  WITH  PLANTS  GROWN  IN  DAYLIGHT  FROM    WHICH 
THE  ULTRA-VIOLET  PORTION  WAS  REMOVED 

Schanz  (89)  concluded  that  the  eUmination  of  the  ultra-violet  was 
beneficial  to  plants  and  recommended  Euphos  glass,  which  excludes 
ultra-violet,  for  greenhouses.  His  failure  to  take  into  consideration  light- 
intensity  differences  makes  it  doubtful  whether  his  results  were  really 
quality  effects. 

Popp  (71)  in  1925  conducted  experiments  at  the  Boyce  Thompson 
Institute.  Here  for  the  first  time  seed  plants  were  grown  in  light  of 
various  ranges  of  wave-lengths  under  controlled  and  stated  conditions, 
particularly  with  regard  to  light  intensity  and  quality.  When  only 
the  ultra-violet  portion  of  solar  radiation  was  removed  by  a  No  viol  "0" 
screen  of  the  Corning  Glass  Works  without  reducing  the  total  intensity 
of  the  radiation  over  that  of  the  controls,  no  significant  effects  were  pro- 
duced on  plants  as  evidenced  by  general  appearance,  development  of 
pigments,  rate  of  growth,  time  and  amount  of  flowering  and  fruiting, 
fresh  and  dry  weights,  amount  of  total  carbohydrates,  starch  content, 
total  and  soluble  nitrogen,  and  some  of  the  higher  organic  compounds. 
Any  indications  given  were  in  favor  of  the  elimination  of  the  ultra-violet. 
If,  however,  the  blue  end  of  the  visible  spectrum  was  removed  with  the 
ultra-violet,  then  decidedly  abnormal  plants  resulted. 

The  experiments  of  Shirley  (102)  have  indicated  that  the  blue- 
violet  end  of  the  solar  spectrum  is  more  efficient  in  dry-weight  production 
than  the  red  end,  when  light  intensities  are  uniformly  10  per  cent  of 
that  outside.  The  removal  of  the  ultra-violet  and  of  some  violet,  how- 
ever, caused  no  very  significant  decrease  in  efficiency,  which  is  to  be 
expected  when  we  consider  the  small  percentage  of  total  radiation  in 
this  region. 

Jacobi  (40)  attempted  to  determine  whether  the  formative  effects 
of  ultra-violet  radiation  such  as  dwarfing,  hairiness,  thicker  and  smaller 
leaves,  brighter  colored  flowers,  etc,  as  claimed  by  Schanz  (88),  were 
really  ultra-violet  effects  or  whether  they  were  light-intensity  effects. 
He  grew  plants  under  Uviol,  an  ultra-violet  transmitting  glass,  and 
Euphos,  an  ultra-violet  absorbing  glass,  under  solar  radiation,  and  then 
sought  to  confirm  his  results  as  quality  effects  by  performing  laboratory 
experiments  with  artificial  illumination  in  which  an  attempt  was  made 
to  equalize  intensities.  He  concluded  with  Schanz  that  the  dwarfing 
effects  were  quaUty  effects  caused  by  ultra-violet  radiation.  He  went 
still  further  and  determined  fresh  and  dry  weights  of  his  laboratory 
plants.  Fresh  weights  came  out  in  favor  of  Euphos  glass,  and  dry  weights 
in  favor  of  Uviol  glass,  which  was  thought  to  be  an  indication  that  ultra- 
violet favors  dry-weight  production.  However,  the  fact  that  fresh 
weights  came  out  in  favor  of  the  Euphos  glass,  is  an  indication  that  one 
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might  justly  be  suspicious  that  intensity  differences  in  radiation  and 
possibly  a  greater  percentage  reduction  in  the  whole  blue-violet  end  of 
the  spectrum  under  Euphos  glass  were  in  operation.  Unfortunately, 
there  are  no  figures  given  of  the  actual  intensities  reaching  the  experi- 
mental plants  in  that  portion  of  the  work  in  which  the  attempt  was  made 
to  equalize  intensities.  It  might  be  noted  that  Senn  (93)  has  attributed 
dwarfing  in  alpine  regions  to  greater  light  intensity  there,  but  he  gave 
quality  no  consideration. 

The  experiments  seem  to  indicate  that  at  low  altitudes  the  elimination 
of  solar  ultra-violet  alone  has  relatively  slight  if  any  influence  on  the 
plant.  At  higher  altitudes,  where  solar  ultra-violet  is  more  intense,  or 
under  artificial  radiation  rich  in  that  portion  of  ultra-violet  present  in 
sunlight,  there  are  indications  of  possible  formative  effects  of  ultra-violet, 
although  these  have  not  been  clearly  separated  from  intensity  effects  in 
the  visible,  particularly  in  the  blue-violet  region.  Shaw  (94),  and  later 
Popp  (71),  have  emphasized  the  significance  of  the  blue  end  in  relation 
to  configuration  of  the  plant. 

Simon  (106)  in  a  recent  semipopular  account  of  the  nutrition  of 
cultivated  plants  mentions  incidentally  an  experiment  of  his  with  Euphos 
glass  of  the  type  used  by  Schanz.  Cultures  of  garden  plants  under 
this  glass  were  said  to  give,  under  otherwise  similar  conditions  of  environ- 
ment and  nutritional  conditions,  increased  yields  up  to  50  per  cent  over 
plants  grown  under  ordinary  glass.  The  author,  however,  gives  the 
impression  that  he  was  of  the  opinion  that  Euphos  glass  transmits  ultra- 
violet better  than  ordinary  glass  does.  If  it  was,  as  stated  by  the 
author,  the  same  glass  as  was  used  by  Schanz,  it  eliminated  the  ultra- 
violet. An  accurate  statement  of  the  conditions  of  the  experiment  is 
not  given. 

INVESTIGATIONS    DEALING    WITH    PLANTS    GROWN    IN    DAYLIGHT   WITH 
ADDITIONAL    SHORT    DAILY    IRRADIATION    FROM    A    MERCURY-VAPOR     LAMP 

An  examination  of  Tsuji's  (117)  short  preliminary  paper  in  the 
Louisiana  Planter  would  convince  any  critical  observer  of  the  inconclu- 
siveness  of  his  extravagant  claims.  The  paper  is  mentioned  here  merely 
because  it  has  been  referred  to  in  later  reports. 

Delf,  Ritson,  and  Westbrook  (20,  21)  attempted  one  of  the  first 
studies  of  the  effects  of  short  daily  exposures  of  more  mature  plants  to 
the  radiation  of  an  unscreened  mercury  arc.  Young  plants  of  Arachis, 
Voandezia,  and  Trifolium  exposed  at  various  distances  for  short  periods 
up  to  10  min.  per  day  were  stunted,  the  epidermis  of  the  leaves  collapsed, 
and  leaf  mesophyll  was  less  differentiated  and  more  compact  than  in 
the  controls.  All  of  the  irradiated  plants  died  after  the  conclusion  of  the 
experiment.  Of  10  controls  left,  5  were  irradiated  for  one  month  for 
30  sec.  per  day  at  a  distance  of  8  ft.     Two  months  later  the  irradiated 
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plants  were  larger  and  more  vigorous  than  the  controls.  As  there  were 
just  5  of  these  plants,  the  results  were  considered  only  "suggestive." 
They  were  never  repeated.  Harmful  effects  were  obtained  in  various 
other  experiments  and  were  more  marked  on  plants  given  shorter  day- 
light illumination  per  day  than  on  those  given  longer  periods  in  the 
light. 

Eltinge  (25)  has  made  observations  on  rooted  cuttings  and  young 
seedlings  of  plants  grown  for  a  number  of  weeks  under  ordinary  green- 
house conditions  with  additional  daily  irradiations  from  a  mercury-vapor 
lamp  at  distances  of  50  and  100  in.  Plants  were  exposed  to  the  unscreened 
lamp,  to  the  lamp  screened  by  vita  glass  which  was  said  to  transmit 
down  to  2890  A,  or  to  the  lamp  screened  by  quartzlite  glass  which  was 
said  to  transmit  down  to  3130  A.  The  irradiations  were  given  by 
the  incremental  method,  that  is,  for  a  period  of  }/2  min.  the  first  day 
and  for  periods  increasing  by  3^  min.  each  day,  on  succeeding  days. 

While  a  considerable  total  number  of  plants  was  used,  there  were 
too  many  different  species  under  too  many  different  conditions  so  that 
generally  no  more  than  6  to  10  individuals  of  a  given  species  were  given 
a  similar  treatment.  Average  figures  recorded  in  tables,  therefore,  are 
computed  from  data  on  6  to  10  plants  grown  under  variable  environmental 
conditions  for  from  four  to  eight  weeks.  While  all  of  her  beneficial 
results  were  attributed  to  ultra-violet  radiation,  she  had  no  controls  to 
eliminate  the  possibility  of  visible,  infra-red,  temperature,  and  other 
effects  of  the  lamp,  since  her  so-called  controls  received  no  irradiation 
whatsoever  from  the  lamp.  Furthermore,  she  made  no  measurement  of 
the  quality  or  intensity  of  ultra-violet  reaching  her  plants  under  the  vari- 
ous conditions  used. 

The  only  consistent  result  of  treatments  was  injury  by  the  unscreened 
arc  to  all  plants  used.  Individual  groups  of  plants  irradiated  through 
vita  glass  or  quartzlite  glass  did  prove  superior  to  nonirradiated  plants 
in  a  number  of  cases,  but  the  differences  were  often  slight  and  no  one 
type  of  glass  gave  uniformly  better  results.  The  superiority  expressed 
itself  differently  in  almost  every  set  of  plants  in  which  it  appeared.  It 
might  be  greater  height,  greater  thickness  of  stem,  larger  leaves,  greater 
number  of  leaves,  greater  average  rate  of  growth,  greater  rate  of  growth 
during  the  last  days  or  during  the  last  weeks  of  the  experiment,  earlier 
flowering,  or  better  color  of  plant.  There  were  various  combinations  of 
these  features.  The  same  treatment  caused  stimulation  in  one  respect 
and  retardation  in  another.  For  instance,  no  type  of  irradiation  proved 
superior  to  controls  for  Raphanus  and  Nicotiana.  For  Bryophyllum  and 
Phaseolus,  vita  glass  and  a  distance  of  50  in.  from  the  lamp  proved  best. 
For  Coleus,  vita  glass  and  100  in.  was  best.  For  Zea  Mays,  vita  glass 
and  a  distance  of  100  in.,  and  quartzlite  glass  and  50  in.  distance  from  the 
lamp  gave  equally  superior  results.     For  Laduca,  quartzlite  glass  and 
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50  in.  distance  from  the  lamp  caused  the  most  leaves  to  develop,  but  they 
were  smaller  than  those  of  controls.  Cultures  under  vita  glass  at  50 
or  100  in.  had  fewer  leaves  than  those  under  quartzlite  at  50  in.,  but  more 
and  slightly  larger  leaves  than  control  cultures.  For  Cucumis,  vita 
glass  and  50  in.  distance  proved  superior  for  stem  elongation,  but  the 
control  plants  had  more  leaves.  For  Ipomoea  quartzlite  and  100  in. 
distance  proved  best  for  stem  growth,  but  quartzlite  and  50  in.  were 
equally  as  good  as  quartzlite  and  100  in.  for  leaf  number,  and  both 
were  better  than  controls.  To  illustrate  the  effect  of  the  same  irradiation 
treatment  on  three  different  sets  of  plants,  the  results  of  irradiation 
through  vita  glass  at  a  distance  of  50  in.  may  be  cited.  With  Zea  Mays 
at  first  the  control  plants  grew  taller,  but  during  the  last  few  days  the 
rayed  plants  grew  very  rapidly  and  surpassed  the  controls.  Rayed 
stalks  were  larger  in  diameter,  rayed  leaves  outnumbered  control  leaves 
and  were  larger.  With  Nicotiana,  however,  the  observations  pointed 
toward  a  retardation  of  growth,  though  there  was  no  evidence  of  burning. 
With  Ipomoea,  little  difference  was  noted  between  rayed  and  control 
plants,  although  the  rayed  plants  had  more  leaves. 

Such  results  point  far  more  likely  to  differences  resulting  from  inherent 
variations  of  the  plants  themselves  coupled  with  environmental  varia- 
tions of  one  type  or  another  not  taken  into  account.  Certainly  we 
should  hesitate  to  attribute  such  varied  effects  solely  to  one  variable 
under  the  conditions  used  in  her  experiments.  Miss  Eltinge's  conclusion 
that  "each  plant  has  its  own  ultra-violet  requirement  for  best  growth 
which  can  be  determined  only  by  experiment"  rests  upon  the  assumption 
that  the  ultra-violet  was  the  only  variable  in  the  test  plants  as  compared 
with  the  controls.  This  obviously  was  not  the  case.  So  long  as  plants 
can  be  grown  from  seed  to  seed  in  the  total  absence  of  ultra-violet  radia- 
tion and  without  showing  any  marked  injury  or  any  difference  from  plants 
receiving  such  radiation,  it  is  doubtful  whether  we  can  legitimately 
speak  of  "ultra-violet  requirement  of  plants." 

Another  series  of  experiments  from  the  laboratory  in  which  Miss 
Eltinge  worked  has  been  reported  by  Fuller  (28,  29;  Wynd  and  Fuller, 
126).  In  many  respects  his  methods  resemble  Miss  Eltinge's  except 
that  Fuller  restricted  his  work  to  tomato  and  cucumber  plants,  both  of 
which  he  claims  were  decidedly  "stimulated"  by  ultra-violet.  This 
stimulation,  according  to  the  author,  manifested  itself  in  increased  height, 
greater  number  of  leaves,  greater  fresh  weight  and  dry  weight,  and 
increased  ash  content  and  calcium  content  of  treated  plants  over  con- 
trols. The  results  of  the  major  experiment  were  statistically  analyzed, 
but  unfortunately  the  author  did  not  take  into  account,  in  this  analysis, 
the  fact  that  the  conditions  under  which  his  test  plants  were  grown 
varied  over  those  of  the  controls,  not  only  in  the  quality  of  ultra-violet 
they  received  and  to  which  all  results  are  attributed,  but  also  in  intensity 
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of  ultra-violet,  quality  and  intensity  of  visible  and  infra-red,  presence  of 
ozone,  etc.  Consequently  his  statistical  analyses  are  not  significant  as 
indicating  ultra-violet  effects.  Since  he  made  no  attempt  to  equalize 
these  other  conditions  or  to  vary  only  the  ultra-violet  in  his  test  plants 
as  compared  with  the  controls,  he  is  hardly  justified  in  assuming  that 
any  differences  occurring  in  the  test  plants  can  be  attributed  wholly  to 
ultra-violet.  Furthermore,  the  differences  between  test  plants  and  con- 
trols were  often  very  slight  and  not  always  consistent,  nor  was  there 
sufficient  repetition  of  the  experiments  to  justify  any  very  definite  con- 
clusions being  safely  drawn.  A  more  detailed  discussion  of  Fuller's 
work  is  given  by  Popp  and  Brown  (74,  pages  179-183). 

In  a  recent  paper  by  Stewart  and  Arthur  (107)  it  is  claimed  that 
ultra-violet  radiation  between  2900  and  3130  A  under  certain  conditions 
increases  the  calcium  and  phosphorus  content  of  certain  plants.  Higher 
total  Ught  intensity  may  bring  about  the  same  result.  It  is  believed 
that  the  radiation  exerts  its  influence  indirectly  by  the  activation  of 
ergosterol  in  the  tissues  of  the  plant. 

Popp  and  Brown  in  addition  to  previously  reported  experiments  have 
carried  out  five  series  with  buckwheat.  In  two  of  these,  2-min.  daily 
exposures  to  radiations  from  a  mercury  arc  were  given  for  10  days;  in 
the  other  two,  3i-hr.  daily  irradiations  were  given.  In  one  2-min.  series 
and  one  M-hr.  series  the  seeds  were  planted  in  soil  and  the  first  irradiation 
given  when  the  seedlings  were  several  inches  high.  In  the  other  two 
series  the  seeds  were  placed  on  moist  filter  paper  and  cotton  and  irradiated 
for  the  first  time  3  days  later,  that  is,  after  the  seeds  were  well  germinated. 
Fifty  seeds  per  culture  were  used.  Exposures  were  given  to  the  open 
arc,  to  the  arc  screened  by  Corex  glass,  by  window  glass,  by  Noviol 
"0"  glass,  and  by  G586A  glass.  In  addition  one  culture  was  kept  in 
diffused  light  with  no  irradiation,  and  one  was  exposed  to  the  ozone 
only  of  the  lamp.  No  favorable  effects  of  the  ultra-violet  used  in  these 
experiments  were  obtained.  The  injurious  effect  of  the  unscreened  arc 
was  again  manifested. 

INVESTIGATIONS     DEALING     WITH     PLANTS     GROWN     EXCLUSIVELY     UNDER 

ARTIFICIAL  ILLUMINATION 

Withrow  and  Benedict's  experiment  (123)  was  unique  in  that  they 
grew  tomato  and  Coleus  plants  from  seed  for  a  period  of  three  months 
under  artificial  illumination  as  transmitted  by  various  cellophane  filters. 
Theirs  was  an  attempt  to  determine  whether  the  region  2900  to  3130  A— 
that  region  said  to  be  of  such  importance  to  animal  life — was  essential 
for  optimum  conditions  of  plant  growth.  They  state  that  others  have 
failed  to  obtain  stimulation  either  because  they  did  not  have  present  a 

o 

sufficient  intensity  of  the  rays  2900  to  3130  A,  if  daylight  was  the  source 
of  radiation,  or  that  in  addition  to  a  sufficient  intensity  of  the  rays  2900  to 
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o 

3130  A  there  were  also  present  some  of  the  shorter  lethal  rays,  if  the 
mercury  arc  was  the  source  of  radiation.  In  the  use  of  artificial  radiation 
they  had  a  controlled  light  source  with  considerable  intensity  in  the  ultra- 
violet region.  They  used  cellophane  filters  especially  developed  for  the 
experiment  (Withrow,  122)  the  transmission  curves  of  which  showed 
sharp  cut-offs  at  the  desired  wave-lengths,  a  quality  said  not  to  be 
possessed  by  many  glass  filters  which  have  been  used.     Their  results 

o 

indicated  to  them  that  "the  removal  of  the  2900  to  3100  A  ultra-violet 
region  is  detrimental  to  the  growth  of  tomato  and  Coleus  plants,  and  that 
the  inclusion  of  a  small  amount  of  lethal  radiation  of  shorter  wave-length 

o 

than  2900  A  is  sufficient  to  mask  the  beneficial  effect  of  the  2900  to 

o 

3100  A  region."  This  was  indicated  by  the  greater  height  and  growth 
rate,  greater  internodal  length,  greater  stem  diameter,  greater  number  and 
average  area  of  leaves,  and  greater  fresh  and  dry  weights  of  those  plants 

o 

which  received  radiation  in  the  region  2900  to  3100  A,  with  no  shorter 
ultra-violet  present.  The  final  statement  in  the  paper,  however,  reads 
that  "because  of  the  limited  number  of  plants  used  and  the  inadequate 
growth  conditions,  especially  with  regard  to  intensity  of  illumination, 
these  results  are  offered  simply  as  preliminary  data,  indicating  the  possible 

o 

growth-promoting  action  of  the  2900  to  3100  A  ultra-violet  region." 

Unfortunately  the  total  light  intensity  was  only  about  30  foot-candles, 
an  intensity  so  low  that  it  resulted  in  etiolation  of  the  plants.  None  of 
the  plants,  therefore,  was  normal,  except  the  so-called  controls  which 
were  kept  in  the  diffused  light  of  a  window  sill  with  a  southern  exposure. 
These  "controls"  were  not  used  in  any  of  the  measurements,  and  justly 
so  since  they  were  under  conditions  totally  different  from  those  of  all 
other  plants.  While  the  cellophane  filters  used  in  this  experiment  were 
said  to  be  stable,  they  were  also  said  to  show  slow  deterioration  under 
intense  irradiation.  No  further  indication  is  given  of  the  degree  of 
stability  of  the  filters.  No  measurements  of  total  energy  under  the 
various  screens  are  given.  Such  measurements  would  have  been  of 
particular  value  since  the  illumination  intensity  was  probably  below  the 
minimum  for  normal  growth  and  hence  small  differences  in  the  different 
compartments  might  have  caused  pronounced  effects  on  the  plants. 

The  data  recorded  represent  for  tomato  comparisons  of  measurements 
on  2,  6,  and  14  plants,  respectively,  and  the  14  plants  under  supposedly 
identical  conditions  show  average  measurements  per  pot  to  be  more 
variable  than  average  measurements  of  plants  under  different  conditions. 
The  tomato  data  are  obviously  of  little  value.  The  Coleus  data  were 
obtained  by  picking  out  three  "representative"  plants  from  each  of  five 
pots  of  indefinite  numbers  of  unthinned  plants  under  each  condition. 
The  photographs  of  these  plants  show  decided  crowding  in  the  pots, 
which  is  very  unfortunate,  particularly  when  the  illumination  intensity 
was  extremely  low.     It  is  difficult  to  understand  why  so  many  plants 
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were  used  per  pot  and  on  what  basis  any  of  the  plants  in  any  pot  could 
be  considered  "representative."  The  photographs  show  that  in  any 
pot  there  was  extremely  wide  variation  in  size  of  plants.  Such  data 
also  are  of  limited  value.  There  was  no  repetition  of  any  of  this  work 
reported.     While  there  is  a  possibility  in  these  experiments  of  the  favor- 

o 

able  effect  of  the  region  2900  to  3100  A,  the  conditions  under  which  the 
experiments  were  conducted  were  such  as  to  offer  very  legitimate  reason 
for  doubt  of  the  conclusions  arrived  at. 

INVESTIGATIONS  DEALING  WITH  PLANTS  GROWN  UNDER  SPECIAL 
ULTRA-VIOLET  TRANSMITTING  GLASSES 

O 

Since  the  region  2900  to  3130  A — that  region  of  the  solar  ultra-violet 
which  is  not  transmitted  by  ordinary  window  glass — has  been  emphasized 
as  necessary  for  the  normal  development  and  health  of  higher  animals, 
a  series  of  special  ultra-violet  transmitting  glasses  has  been  developed 
and  put  on  the  market.  Various  Corning  glasses  of  this  country  and 
vita  glass  of  England  are  among  these.  There  are  also  numerous  German 
glasses  known  by  various  trade  names,  such  as  Uviol  glass  made  by 
Schott  and  Genassen  of  Jena,  U-glass  of  Dresden,  ultra-violet  glass  of 
Berlin,  Ufau,  Ultra,  Brephos,  Ultravit,  Sendlinger,  Bios,  and  Sanalux 
glasses.  Probably  the  Jena  glassworks  of  Germany  antedates  all  others 
in  manufacturing  ultra-violet  transmitting  glasses,  having  made  them 
as  early  as  1903.  Their  Uviol  glass  in  comparison  with  five  other 
German  glasses  was  found  to  transmit  farther  down  in  the  spectrum 
than  any  of  the  others  and  to  transmit  a  higher  percentage  throughout 
in  the  ultra-violet  than  any  of  the  others. 

These  new  glasses  differ  from  each  other  considerably  in  ultra-violet 
transmission  and  in  addition  some  of  them  solarize,  that  is,  lose  a  part 
of  their  transmission  in  the  ultra-violet  upon  exposure  to  light  (Arthur 
and  Newell,  3;  English,  26;  Wood  and  Leathwood,  124,  125).  This 
solarization  is  far  more  marked  when  the  glass  is  used  under  a  mercury 
arc  than  when  used  in  ordinary  sunlight.  In  a  few  cases  glass  substitutes 
have  been  tried,  but  these  usually  have  not  been  found  so  satisfactory 
as  glass  screens.  It  is  obvious  that  when  one  of  these  screens  is  used, 
the  actual  quality  and  intensity  of  the  ultra-violet  reaching  the  plants  can 
be  ascertained  only  by  repeated  definite  measurements  of  transmission. 

Unfortunately,  not  only  is  the  ultra-violet  transmission  of  these  glasses 
different  from  that  of  ordinary  glass,  but  so  also  is  the  visible,  and  in 
great  degree  the  infra-red  transmission.  These  features  have  been 
indicated  by  transmission  curves  of  the  glasses  and  by  the  temperature 
differences  occurring  under  the  two  types  of  glasses.  Any  effects, 
therefore,  obtained  under  one  of  these  new  glasses,  cannot  justifiably 
be  said  to  be  ultra-violet  effects,  but  must  be  attributed  to  the  difference 
in  total  transmission  of  the  glasses  used,  other  environmental  conditions 
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being  constant.  Yet  the  majority  of  investigators  who  have  used  these 
new  glasses  have  placed  the  emphasis  almost  exclusively  on  their  rela- 
tively greater  ultra-violet  transmission. 

Many  of  the  experiments  conducted  with  these  new  glasses  have  not 
been  carefully  controlled  aside  from  radiation  conditions,  so  that  results 
are  correspondingly  inconclusive.  The  fact  that  a  small  number  of 
plants  was  used  in  many  cases  is  also  unfortunate,  and  failure  to  repeat 
experiments  still  further  reduces  the  value  of  results  obtained,  since 
very  often  those  who  have  repeated  their  experiments  were  unable 
to  duplicate  their  original  results.  Most  of  the  experiments  of  this  type 
have  been  carried  out  from  a  practical  viewpoint  by  greenhouse  keepers, 
horticulturists,  and  floriculturists  with  practical  results  rather  than 
scientific  data  as  the  aim  and  purpose. 

In  this  country  one  of  the  carefully  performed  experiments  of  this 
nature  was  carried  out  at  the  Boyce  Thompson  Institute  (Arthur,  2). 
Several  species  of  flowering  plants  were  grown  under  Uviol  glass  which 
transmits  80  per  cent  at  the  extreme  ultra-violet  of  sunlight,  and  no 
differences  were  observed  in  growth  habit,  time  and  amount  of  flowering, 
or  amount  of  green  tissue  produced  as  compared  with  plants  grown  under 
ordinary  greenhouse  glass.  "We  have  yet  to  find  any  distinct  advantage 
to  the  plant  in  growing  it  under  a  glass  which  transmits  the  extreme 
ultra-violet  region  of  sunlight." 

Osmun  (63,  64)  obtained  favorable  results  under  vita  glass  for  lettuce 
and  radish  one  year,  but  during  the  next  year  continued  experiments  gave 
contradictory  results.  The  first  year,  radishes  under  vita  glass  showed  a 
gain  of  71  per  cent  in  weight  of  the  entire  plant  and  124  per  cent  in 
weight  of  roots  as  compared  with  an  equal  number  of  plants  under 
ordinary  glass.  Similarly  lettuce  gained  76  per  cent  in  weight  and 
formed  more  compact  heads  under  vita  glass.  The  next  year  radishes 
averaged  10  per  cent  less  in  weight  under  vita  glass  than  those  under 
ordinary  glass  in  one  test  and  14  per  cent  more  in  another.  Lettuce 
under  ordinary  glass  this  second  year  weighed  3  per  cent  more  than  that 
under  vita  glass.  Obviously  nothing  concerning  ultra-violet  radiation 
can  be  concluded  from  these  results. 

Tottingham  and  Moore  (115,  116),  and  Tottingham  (114)  have 
reported  on  some  horticultural  investigations  at  the  Wisconsin  Agri- 
cultural Experiment  Station.  In  the  principal  paper  (116)  a  small 
number  of  plants  of  12  different  species  which  had  been  under  vita  glass 
for  a  number  of  weeks  was  compared  with  plants  similarly  treated  but 
grown  under  window  glass.  The  comparisons  involved  the  nature  and 
amount  of  growth,  dry  weights,  and  partial  chemical  analyses.  As  stated 
by  the  authors,  "The  present  investigation  is  concerned  with  the  elimina- 
tion of  a  small  portion  of  ultra-violet  (about  3100  to  2900  A)  in  sunlight 
by  the  screening  effect  of  common  glass,"  but  there  is  no  mention  in  the 
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summary  of  any  favorable  results  under  vita  glass  being  due  to  the 
region  2900  to  3100  A  alone.  Favorable  results  mentioned  for  plants 
grown  under  vita  glass  are  ascribed  rather  to  "the  more  extensive 
irradiation  under  vita  glass,"  and  there  is  mentioned  the  desirability 
of  separating  infra-red  and  ultra-violet  effects.  They  recognized  the 
high  transmission  of  vita  glass  in  the  infra-red.  At  the  end  of  the  paper 
they  state  that  "the  present  investigation  is  hardly  more  than  a  limited 
survey"  and  that  "for  conclusive  results  each  species  tested  would 
require  further  examination." 

Regarding  the  interpretation  of  the  differences  found  in  plants  under 
vita  glass  as  compared  with  those  under  common  glass  it  is  evident  that 
the  authors  attach  great  significance  to  slight  differences  in  favor  of 
vita  glass,  which  have  been  obtained  with  small  plant  populations  not 
grown  under  carefully  controlled  conditions  and  often  not  checked  by 
repeated  experiments. 

The  most  consistent  "compositional  response"  to  vita  glass  was 
an  increased  percentage  of  lipids  in  the  dry  matter.  In  five  out  of  16  tests 
the  ether  extracts  from  plants  under  vita  glass  were  either  lower  or  no 
higher  in  lipids  than  were  those  under  ordinary  glass.  The  other  11  cases 
showed  slightly  higher  percentages  for  plants  under  vita  glass.  In 
another  paper  (Tottingham,  114)  a  higher  percentage  of  lipids  for 
tomato  plants  under  vita  glass  is  again  reported. 

While  these  percentages  are  small,  the  fact  that  increases  have  been 
reported  in  a  number  of  cases  may  indicate  a  vita  glass  effect.  Certainly, 
however,  from  such  experiments  we  are  not  justified  in  attributing  this  to 
effects  of  the  region  2900  to  3100  A  alone. 

Miss  McCrea  (56  to  59)  has  studied  the  growth  of  the  plants  and  the 
medicinal  potency  of  the  tincture  obtained  from  Digitalis  purpurea  grown, 
in  the  seedling  stage,  under  vita  glass  and  under  common  glass  and  then 
transplanted  to  the  open.  She  states  that  "during  the  6  to  8  weeks  of 
exposure,  treated  plants  clearly  show  an  advantage  over  controls.  They 
are  larger,  of  darker  green,  and  develop  the  second,  third,  and  fourth 
pairs  of  leaves  earlier  than  do  the  controls."  These  visible  differences 
disappeared  after  the  plants  were  grown  in  the  open.  When  these  plants 
were  harvested,  after  having  been  grown  in  the  open  from  about  May  25th 
to  late  July  or  early  August  (first  crop)  or  to  mid-September  (second 
crop)  tinctures  made  from  the  dried,  treated  plants  gave  increased  potency 
over  those  of  controls  to  the  extent  of  11.66  per  cent  to  51.50  per  cent. 
This  increased  potency  was  also  found  to  be  carried  over  to  the  second 
year  in  these  plants.  Any  possible  solarization  of  the  glass  she  used 
failed  to  affect  the  results. 

While  her  results  are  very  interesting,  she  has  not  measured  the 
radiation  under  the  t\^o  kinds  of  glass  and  hence  we  are  left  in  doubt  as 
to  how  much  of  the  effects  noted  can  be  attributed  to  ultra-violet. 
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Recently  Leonard  and  Arthur  (48)  have  reported  on  experiments 
which  have  been  in  progress  for  three  years  in  which  no  significant  differ- 
ences in  glucoside  yield  could  be  observed  between  digitalis  plants  grown 
under  a  glass  having  a  higher  ultra-violet  transmission  and  those  grown 
under  ordinary  window  glass,  whether  the  plants  were  kept  until  sampled 
in  air-conditioned  greenhouses  or  were  set  out  after  some  months  of  such 
treatment  into  the  open  field. 

In  England  there  have  been  numerous  reports  on  plants  grown  under 
the  English  vita  glass  including  those  of  Russell  (83),  the  Kew  Gardens 

(42),  Saleeby  (86),  H (35),  Colman  (12),  Westfield  College  (121), 

Haddock  (49),  Thomson  (111),  Graham  and  Stewart  (33),  Tincker  (112, 
113),  Pilkington  (66),  and  Secrett  (92).  In  Germany  results  of  experi- 
ments on  plants  grown  under  the  various  German  glasses  of  this  type  have 
been  made  by  Kache  and  others  (41),  Dix  (24),  Herold  (36),  Reinhold 
alone  and  with  others  (77  to  79),  Roeder  (80),  Grossman  (34),  and  an 
anonymous  author  (1).  A  detailed  review  of  these  experiments  is  not 
necessary  here  inasmuch  as  the  majority  of  them  were  ordinary  green- 
house experiments  without  adequate  controls  and  all  of  a  very  prelimi- 
nary nature.  As  might  be  expected,  there  is  no  general  agreement 
among  them  as  to  the  results  obtained. 

In  Sweden  Lamprecht  (47)  has  carried  out  one  of  the  most  careful 
investigations  of  this  type.  He  has  compared  plants  grown  under  Helasan 
glass  which  transmits  about  50  per  cent  of  the  solar  radiation  from  2900 
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to  3100  A,  a  somewhat  higher  percentage  of  ultra-violet  than  vita  glass 
transmits,  but  not  so  high  a  percentage  as  Uviol  glass  transmits.  The 
plants  were  carefully  handled  and  spaced  and  environmental  conditions 
made  as  uniform  as  possible.  Great  care  was  taken  to  have  the  thickness 
of  glass  panes  comparable  in  the  test  and  control  houses  in  order  that  the 
intensity  of  radiation  reaching  the  plants  should  not  vary  because  of  this 
factor.  Relatively  large  numbers  of  plants,  never  less  than  40,  under 
each  condition  in  each  test  were  used,  and  each  series  of  experiments  was 
repeated  several  times.  The  results  were  treated  statistically  and 
probable  errors  taken  into  account.  Fresh-weight  and  dry-weight  per- 
centages were  determined  and  various  chemical  analyses  made. 

Six  series  of  carrots  were  run  with  46  to  122  experimental  plants  used 
in  each  series.  In  no  case  did  the  use  of  Helasan  glass  result  in  signifi- 
cantly increased  fresh  weight,  dry  weight,  or  any  change  in  chemical 
composition.  One  series  of  parsnips  and  one  of  radishes,  both  root  crops, 
as  were  the  carrots,  gave  similar  results.  Two  series  of  lettuce  plants 
gave  no  significant  differences  in  fresh  or  dry  weights  related  to  the 
type  of  glass  used,  but  indicated  a  definite  trend  in  dry  weights  in  favor 
of  Helasan  glass.  Two  series  of  spinach,  again  a  leaf  crop,  gave  results 
similar  to  thoise  of  lettuce. 

The  conclusion  regarding  the  effect  of  the  ultra-violet  portion  of  the 
solar  spectrum  as  revealed  by  these  experiments  was  that  there  was  the 
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possibility  of  a  certain  small  significance  in  the  production  of  dry  weight, 
but  that  definite  establishment  of  this  point  could  only  come  from  much 
more  carefully  conducted  experiments.  For  the  practical  horticulturist 
the  author  considered  the  glass  of  little  value. 

A  review  of  the  facts  brought  out  by  these  reports  in  regard  to  evidence 
for  ultra-violet  effects  by  the  use  in  greenhouses  of  special  ultra-violet 
transmitting  glasses  reveals  that  out  of  31  reports,  unqualifiedly  favorable 
results  are  reported  in  only  8  cases  and  the  data  for  these  are  either  not 
given  or  are  of  questionable  value.  The  other  articles  report  either 
conflicting  results,  results  which  could  not  be  duplicated,  very  slightly 
favorable,  or  indifferent  results.  Of  these  at  least  10  report  the  greater 
temperatures  or  heat  effects  under  the  special  glasses.  Several  report 
more  favorable  results  under  them  early  in  the  spring,  but  not  in  the 
summer;  a  number  report  solarization  effects  of  the  glasses.  The  most 
carefully  conducted  experiments  show  nothing  or  very  little  in  favor  of 
the  new  glasses.  Even  were  we  to  assume  that  all  the  beneficial  effects 
reported  were  attributable  to  this  factor,  we  should  still  have  to  hesitate 
to  recommend  the  use  of  the  special  glasses  for  greenhouses  because  of 
the  slight  differences  that  have  been  found  in  even  the  most  favorable 
reports. 

GENERAL    SUMMARY 

In  general,  the  evidence  presented  in  this  large  group  of  papers  on  the 
effects  of  ultra-violet  on  more  mature  plants  reveals  only  one  point  which 
seems  to  be  clearly  demonstrated,  namely,  that  the  short-wave  ultra- 

o 

violet,  that  from  2890  to  2000  A  is  distinctly  harmful.  Even  in  very 
slight  doses  it  has  never  satisfactorily  been  demonstrated  to  be  beneficial. 
The  degree  of  injury  increases  with  decrease  of  wave-length,  increase  of 
intensity,  and  with  greater  ease  of  penetration.  While  we  would  not 
overlook  the  possibility  of  beneficial  effects  being  demonstrated  for  the 
longer  wave-lengths  of  ultra-violet  when  accurately  controlled  experi- 
ments are  forthcoming,  the  evidence  from  the  most  accurately  controlled 
experiments  to  date  shows  little  if  any  outstanding  stimulation  or  increased 
growth  from  this  region.  When  we  consider  the  low  energy  value  of  this 
region  in  daylight,  the  universal  source  of  radiation  for  plants,  and  when 
in  addition,  it  has  clearly  been  demonstrated  that  many  different  kinds 
of  plants  can  be  grown  from  seed  to  seed  in  the  total  absence  of  all  ultra- 
violet without  exhibiting  any  very  outstanding  difference  from  plants 
receiving  solar  ultra-violet,  we  may  legitimately  doubt  whether  any  very 
outstanding  stimulation  of  growth  will  be  demonstrated  for  this  region 
in  the  future. 

OTHER  RELATIONS  OF   ULTRA-VIOLET  RADIATION  TO  SEED  PLANTS 

INTRODUCTION 

The  effects  of  ultra-violet  radiation  on  enzymes,  vitamins,  and  other 
cell  constituents,  and  on  photosynthesis  and  respiration  are  considered 
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elsewhere  in  this  monograph  and  hence  have  been  omitted  here.  The 
relation  of  ultra-violet  radiation  to  transpiration,  sun  scald,  winter 
hardiness,  tropisms,  electric  potentials,  and  currents  in  plants  and  other 
relations  are  not  discussed  because  the  evidence  is  too  fragmentary. 
There  remain  to  be  considered  briefly,  absorption  and  reflection  of 
ultra-violet  by  plant  tissues  and  fluorescence  of  plant  parts  caused  by 
ultra-violet.  Although  the  effect  of  radiation  on  the  histology  of  plants 
and  its  influence  on  plant  pigments  are  considered  elsewhere  in  this 
monograph,  a  few  statements  are  made  regarding  the  specific  relation  of 
ultra-violet  radiation  to  these  features. 

ABSORPTION    AND    REFLECTION    OF    ULTRA-VIOLET    RADIATION     BY    PLANT 

TISSUES 

Of  great  importance  in  any  consideration  of  the  effect  of  ultra-violet 
radiation  upon  plants  is  the  question  of  the  degree  of  penetration  of 
these  rays  into  the  various  plant  tissues,  since  only  those  rays  which 
penetrate  can  be  effective  in  producing  results.  Undoubtedly  the  facts 
that  certain  plants  are  more  resistant  than  others  to  the  harmful  action 
of  short  rays,  certain  parts  of  a  given  plant  more  resistant  than  other 
parts  of  the  same  plant,  and  the  same  parts  of  a  given  plant  more  resistant 
at  one  stage  of  development  than  at  another,  have  their  explanation  in 
part  at  least  in  differences  in  degree  of  penetrability  and  absorption  of 
these  injurious  rays.  Different  degrees  of  penetrability  may  also  explain 
some  of  the  conflicting  results  of  past  experiments.  Thus  the  shorter 
lethal  ultra-violet  regions  are  ineffective  if  they  do  not  reach  the  plant 
parts  under  consideration.  Furthermore,  any  beneficial  rays  would 
have  to  enter  the  cells  before  they  could  be  effective.  Different  media 
vary  considerably  in  their  capacity  to  transmit  radiation  of  various 
wave-lengths. 

In  earlier  investigations  the  penetration  of  injurious  rays  only  was 
considered,  and  the  degree  of  penetration  was  known  only  indirectly 
by  the  degree  of  injury  produced  on  the  plant  cell  as  a  result  of  irradiation. 
Maquenne  and  Demoussy  (51),  Kluyver  (43,  44),  and  Ursprung  and 
Blum  (118)  noted  the  superficial  action  of  ultra-violet  radiation  of  short 
wave-lengths  as  indicated  by  the  fact  that  only  epidermal  cells  or  those 
immediately  beneath  them  were  destroyed.  They  assumed  that  the 
harmful  rays  were  absorbed  by  these  external  layers  and  failed  to  pene- 
trate more  deeply.  Stoklasa  (108)  found  that  flowers  were  much  more 
sensitive  than  leaves  to  short-wave  ultra-violet,  and  that  both  leaves  and 
flowers  of  hot-house  plants  were  more  sensitive  than  those  of  outdoor 
plants.  Dangeard  (16,  17)  by  noting  various  degrees  of  injury  in  differ- 
ent plants  which  had  been  irradiated  assumed  differences  in  degree  of 
penetration  of  the  harmful  rays.  He  also  thought  that  hairy  leaves 
retarded  penetration  more  than  glaucous  or  smooth  ones.  Schroeter  (90) 
thought  that  the  thick  cuticle  of  alpine  plants  protected  them  from  the 
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destructive  action  of  the  short  wave-lengths  present  in  solar  radiation. 
Kohler  (46)  using  the  cadmium  line  at  2750  A  showed  that  cuticularized, 
suberizcd,  and  lignified  walls  were  not  penetrated  by  waves  of  this  length 
and  explained  the  greater  resistance  of  some  leaves  to  ultra-violet  on  the 
basis  of  differences  in  the  degree  of  penetration  of  the  harmful  rays. 
Schulze  (91)  by  photomicrographs  also  demonstrated  that  the  cuticle, 
epidermis,  and  xylem  absorb  strongly  in  the  region  of  2800  A,  while 
parenchyma,  phloem,  and  young  cambium  are  quite  transparent  to  this 
region.  He  found  strong  absorption  to  occur  in  the  middle  lamella. 
He  and  Kohler  showed  that  the  nucleus  absorbs  strongly  at  wave-lengths 
of  2800  and  2750  A,  respectively.  Dhere  and  De  Rogowski  (23)  found 
that  pure  chlorophyll  was  remarkably  transparent  to  ultra-violet,  but 
that  the  natural  chlorophylls  in  ether  solution  had  a  common  absorption 
band  near  the  middle  of  the  ultra-violet  spectrum,  which  would  be  at 
about  3040  A. 

More  recently  Bucholtz  (8),  Gola  (32),  Metzner  (60),  and  ShuU  and 
Lemon  (103)  have  published  their  observations  on  this  subject.  Bucholtz 
noted  that  leaves  of  Mnium  and  the  stamen  hairs  of  Tradescantia  refieza 
were  much  more  resistant  to  the  lethal  action  of  ultra-violet  than  bacteria 
and  paramoecia,  probably  because  of  the  greater  opaqueness  of  the  cells 
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of  higher  plants.     He  used  wave-lengths  of  the  range  3654  to  2378  A. 
Gola's  studies  (32)  were  on  the  reflection  and  absorption  of  the  region 
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3400  to  3800  A  by  the  flowers,  leaves,  and  fruits  of  numerous  plants. 
His  results  were  determined  by  impressions  made  on  photographic  plates 
by  the  plants  when  photographed  by  means  of  radiation  in  this  region  of 
the  spectrum.  Flowers  and  leaves  containing  flavone  groups  were  found 
to  absorb  this  radiation.  Flowers  containing  only  carotinoid  pigments 
reflected  it.  Waxy  coverings  on  leaves  and  fruits  made  heavy  impres- 
sions on  the  photographic  plates.  The  reflecting  capacities  of  the  outer 
coverings  of  plants  and  the  absorbing  capacities  of  the  flavone  groups 
were  looked  upon  as  defense  mechanisms  of  the  plant  against  this  type 
of  radiation. 

o 

Metzner  (60)  also  using  long-wave  ultra-violet  (3500  to  4000  A) 
determined  photomicrographically  the  penetration  of  this  region  into 
various  plant  parts.  The  older  work  of  this  type  was  carried  out  with 
radiation  of  shorter  wave-lengths  not  present  in  sunlight.  His  photo- 
graphs showed  that  cellulose,  hemicellulose,  and  silicified  walls  were 
relatively  transparent  to  this  region.  The  plasma  and  nucleus  absorbed 
weakly.  On  the  other  hand,  corky  and  cutinized  walls,  and  lignified 
ones  to  a  lesser  extent,  prevented  penetration  by  this  region.  Particu- 
larly strong  absorption  occurred  in  the  cell  sap  of  the  epidermis,  guard 
cells,  and  mesophyll  of  many  plants;  this  absorption  was  thought  to  be 
due  to  the  presence  of  tannins  and  flavones  and  to  be  of  biological 
significance. 
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Metzner  could  not  determine  from  his  results  whether  radiation 
which  did  not  penetrate  the  sections  examined  was  absorbed  or  reflected. 
Hence  part  of  what  he  regarded  as  absorption  may  in  reality  have  been 
reflected  radiation. 

Of  significance  in  relation  to  the  effect  of  ultra-violet  radiation  upon 
seed  germination  is  the  paper  by  ShuU  and  Lemon  (103),  which  deals 
with  the  penetration  of  various  seed  coats  by  the  radiation  of  an 
unscreened  quartz  mercury  arc.  Results  were  determined  by  spectro- 
grams. They  found  that,  with  a  maximum  duration  of  irradiation  of 
1  hr.,  only  the  longer  ultra-violet  rays  penetrated  seed  coats,  the  lowest 

o 

limit  being  indicated  by  a  feeble  line  at  3120  A  and  penetration  of  rays 
shorter  than  3630  A  always  being  feeble.  There  was  some  variability  in 
penetration  shown  by  different  species.  Even  in  the  same  seed  coat 
there  was  variation.  Thus  in  the  case  of  corn-grain  membranes  penetra- 
tion was  greatest  on  the  embryo  side.  Wet  coats  differed  little  from  dry 
ones  as  far  as  penetrability  was  concerned. 

In  the  paper  just  referred  to  there  is  an  actual  demonstration  of  the 
reason,  mentioned  as  a  probability  by  Popp  in  1921,  for  the  failure  of  the 
short-wave  ultra-violet  to  injure  ungerminated  seeds,  namely,  the  failure 
of  these  rays  to  penetrate  the  seed  coat.  This  paper  also  gives  evidence 
which  suggests  that  the  region  of  ultra-violet  used  in  Masure's  inves- 
tigation did  actually  penetrate  the  seed  coats  of  his  seeds. 

It  should  be  noted  that  no  determinations  of  penetration  to  date  have 
given  percentage  transmissions  of  various  wave-lengths  through  seed 
coats  or  any  other  plant  parts.  In  other  words,  we  have  only  qualitative 
and  no  quantitative  data. 

ULTRA-VIOLET   RADIATION    AND    FLUORESCENCE    OF   PLANT    PARTS 

The  capacity  of  various  parts  of  numerous  different  kinds  of  plants 
to  exhibit  fluorescence  phenomena  when  exposed  to  ultra-violet  radiation 
has  been  noted  in  several  studies.  Some  suggestions  have  been  made 
concerning  the  nature  of  the  fluorescing  substances  and  the  significance 
of  their  distribution  and  capacity  to  fluoresce.  No  facts  have  been 
established  to  date,  however. 

Gentner  (31),  MezzadroU  and  Vareton  (61),  Foy  (27),  and  Masure 
(55)  all  noted  the  fluorescence  of  germinating  seeds  in  the  presence  of 
ultra-violet  radiation  of  3000  to  4000  A.  Gentner  (31)  has  attempted 
to  find  out  whether  the  nature  of  the  fluorescence  is  specific  enough  that 
it  may  be  used  practically  for  seed  testing,  particularly  for  the  differentia- 
tion between  seed  varieties  and  races.  Foy  (27)  has  used  this  method 
successfully  in  diagnosing  various  types  of  rye-grass  in  New  Zealand. 
Tile  annual  Italian  rye  grass  and  some  or  all  of  the  false  perennial  types 
exhibit  a  brilliant  blue  fluorescence  while  the  true,  normal,  perennial 
rye  grass  reacts  absolutely  negatively. 


ULTRA-VIOLET  AND  SEED  PLANTS  877 

Gola  (32)  found  that  green  leaves  exposed  to  3400  to  3800  A  showed 
an  intense  fluorescence.  Certam  white  flowers  exhibited  a  similar 
phenomenon,  which  he  thought  might  be  due  to  the  remains  of  traces  of 
green  plastids  once  present,  or  of  their  degradation  products.  He  sug- 
gests that  fluorescence  is  associated  with  lipoid-like  substances. 

Cecco  (10)  using  Petri's  method  for  isolating  fluorescent  substances 
from  various  parts  of  numerous  plants  on  filter  paper  found  also  an 
abundance  of  a  fluorescing  substance  in  the  green  organs  of  plants,  and  in 
those  parts  capable  of  becoming  green.  She  states  that  the  presence  of 
fluorescing  substances  in  the  assimilating  tissues  seems  to  constitute  a 
normal  condition  of  vital  activity.  She  points  out  that  there  cannot  be 
attributed  to  this  fluorescence  a  protective  function  against  solar  radia- 
tion of  short  wave-length  since  there  is  no  relation  between  the  relative 
amount  of  the  fluorescing  substance  present  and  the  ability  of  the  plant 
part  to  withstand  radiation.  The  fluorescing  substance  was  thought  to 
be  of  the  nature  of  a  glucoside. 

Vodrazka  (120)  noted  the  fluorescence  in  the  cross  sections  of  various 
woody  stems  when  these  were  exposed  to  ultra-violet  radiation,  and 
thought  that  the  causes  of  the  fluorescences  in  Robinia  were  substances 
related  to  tannins.  This  hypothesis  is  similar  to  that  of  Cecco,  in  that 
Cecco  found  some  tannic  substances  in  her  fluorescing  extractions.  The 
fluorescing  substances  were  found  regularly  in  certain  parts  of  the  pith, 
primary  wood,  heartwood,  and  sapwood. 

EFFECTS    OF    ULTRA-VIOLET    RADIATION    UPON    ANATOMICAL    STRUCTURE 

AND    FLOWTER    FORMATION 

Since  the  penetration  of  the  shorter  ultra-violet  rays  is  probably  not 
very  great,  one  would  not  expect  them  to  have  any  considerable  direct 
effect  on  the  anatomical  structure  of  plants  except  for  the  destructive 
action  to  the  superficial  cells.  There  is,  of  course,  the  possibility  of 
chemical  changes  being  brought  about  in  the  superficial  layers  which 
might  in  turn  affect  deeper  lying  cells,  but  we  have  no  evidence  for  this. 
As  for  the  longer,  more  penetrating,  ultra-violet  rays  there  is  no  evidence 
of  their  effectiveness  in  this  field  either. 

Pfeiffer  (65)  reports  that  plants  growTi  in  daylight  under  Noviol  "0" 
glass  which  cuts  off  practically  all  ultra-violet  are  less  stocky,  less  sturdy, 
more  watery,  and  weaker  in  vascular  development  than  those  grown  under 
Corex  glass  which  transmits  all  wave-lengths  of  solar  ultra-violet. 

From  the  fact  that  stem  diameters,  stem  heights,  fresh  weights,  dry 
weights,  percentage  of  moisture,  and  chemical  analyses  of  plants  grown 
under  similar  conditions  by  Popp  (71)  showed  no  marked  differences  we 
should  not  expect  to  find  marked  internal  anatomical  differences.  Such 
differences  were  not  found  by  Popp.  The  difficulty  in  obtaining  sufficient 
and  comparable  material  for  anatomical  study  under  such  conditions 
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renders  anatomical  differences  found  of  doubtful  significance  unless  they 
are  very  marked. 

The  effect  of  ultra-violet  radiation  alone  on  anatomical  structure  is 
still  largely  to  be  determined.  Further  discussion  of  anatomical  effects 
will  be  found  in  the  section  of  this  monograph  devoted  to  this  topic 
(Buchholz,  pages  829-840). 

As  early  as  the  time  of  Sachs  (85)  and  DeCandolle  (18)  ultra-violet 
has  been  said  to  influence  favorably  flower  formation.  Eltinge,  Ballan, 
Westfield  College  reports,  Michigan  Station  reports,  and  Tottingham  and 
Moore  have  all  suggested  earlier  or  better  flowering  in  certain  cases  as  an 
ultra-violet  effect,  but  it  has  already  been  noted  that  such  effects  were 
not  consistently  obtained  and  were  usually  associated  with  temperature 
or  other  differences  when  comparisons  were  made  with  control  plants. 
Popp  found  that  elimination  of  practically  all  ultra-violet  had  no  effect 
on  the  time  or  amount  of  flowering  of  many  of  his  plants.  In  some  cases 
the  earlier  flowering  plants  were  those  from  which  practically  all  ultra- 
violet was  screened  off. 

ULTRA-VIOLET    RADIATION    AND    THE    FORMATION    OF    CHLOROPHYLL 

AND    ANTHOCYANIN 

While  Stoklasa  (108,  109)  noted  that  exposures  not  exceeding  2  hr.  to 
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wave-lengths  3000  to  5000  A  of  a  mercury  arc  generally  caused  a  rapid 
development  of  chlorophyll  in  etiolated  plants,  and  that  etiolated  plants 
exposed  to  this  region  of  sunlight  became  green  more  rapidly  than  those 
exposed  to  full  sunlight,  Dangeard  (15)  claimed  that  blue  and  violet  light 
from  a  Nernst  lamp  seemed  to  have  little  influence  on  chlorophyll  synthe- 
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sis,  and  that  the  energy  absorbed  below  4900  A  was  insufficient  to  bring 
it  about.  Sayre  (87)  has  said  that  with  sufficient  energy  value,  chlorophyll 
develops  in  that  region  of  the  ultra-violet  between  3000  and  4000  A. 
In  many  reports  a  deeper  green  color  of  plants  under  one  of  the  special 
ultra-violet  transmitting  glasses  has  been  reported,  but  it  should  be  noted 
that  this  is  not  necessarily  an  indication  of  greater  chlorophyll  develop- 
ment, as  this  appearance  may  be  brought  about  by  a  more  compact 
tissue,  a  broken  down  epidermal  layer,  lack  of  hairiness,  etc.  In  addi- 
tion, as  has  been  indicated  before,  effects  under  these  special  glasses  are 
not  necessarily  ultra-violet  effects.  Colla  (13)  found  that  chlorophyll 
developed  in  plants  exposed  to  radiation  of  3300  to  3900  A,  the  amount 
being  comparable  to  that  produced  in  ordinary  light  of  low  intensity.  In 
none  of  these  cases  has  there  been  quantitative  determination  of 
chlorophyll. 

Shirley  (102)  determined  quantitatively  the  amount  of  chlorophyll 
developed  using  the  method  of  WillstJitter  and  Stoll  as  modified  by 
Schertz.  Plants  grown  under  a  blue  glass  transmitting  the  region 
between  3740  and  5850  A  under  10  per  cent  of  the  total  intensity  of 
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daylight  often  gave  a  higher  concentration  of  chlorophyll  than  any  other 
light  qualities  used  under  the  same  intensity.  At  the  same  time  the 
chlorophyll  concentration  was  usually  lower  under  G34  glass,  ^hicli 
transmits  no  radiations  shorter  than  5290  A.  He  found  that  "in  all 
light  qualities  used  the  plants  increased  their  chlorophyll  concentration 
with  decreasing  intensity  to  a  certain  point."  When  plants,  from  which 
only  the  ultra-violet  was  removed  under  65  per  cent  of  the  total  intensity, 
were  compared  with  those  receiving  the  full  spectrum  of  daylight  under 
68  per  cent  intensity,  no  significant  difference  in  chlorophyll  content  was 
found  in  Geum,  sunflower,  or  Galinosoga.  This  is  the  only  investigation 
in  which  quantitative  determinations  of  chlorophyll  were  made  under 
various  light  qualities. 

A  relationship  between  ultra-violet  radiation  and  the  development 
or  presence  of  anthocyanin  and  related  compounds  in  plant  cells  has  been 
suggested  in  a  number  of  cases.  Shibata,  Kishida,  and  Nagai  (98  to  101) 
found  that  the  cell  sap  of  epidermal  and  peripheral  parenchymatous  cells 
of  the  aerial  parts  of  plants  in  general,  commonly  contained  flavone 
derivatives.  Furthermore,  according  to  them,  these  compounds  were 
limited  almost  exclusively  to  these  parts  of  plants.  They  also  noted 
that  plants  in  sunny  habitats  contained  greater  amounts  of  flavones  than 
those  in  shady  places,  and  that  alpine  plants  were  richer  in  flavones  than 
those  in  lower  regions  where  the  intensity  of  solar  radiation  was  not  so 
great  as  in  alpine  regions.  In  general,  plants  exposed  to  intense  sunlight 
showed  a  greater  development  of  flavones  than  those  under  lower 
intensities  unless  the  plants  were  protected  by  some  morphological 
feature  such  as  a  thick  cuticle.  Thus  Ficus  elastica,  a  tropical  plant  grown 
under  strong  light  intensity,  had  leaves  with  a  low  amount  of  flavones, 
but  these  leaves  had  a  thick  cuticle.  Rosenheim  (81)  thought  that  if 
the  findings  of  Shibata,  Kishida,  and  Nagai  were  true,  then  alpine  plants 
grown  at  lower  altitudes  should  not  contain  so  much  flavone  as  those 
grown  in  alpine  regions.  Using  Edelweiss  as  an  example  he  found  that 
this  plant  actually  did  not  develop  so  much  flavone  when  grown  at  lower 
altitudes  as  when  grown  in  the  Alps. 

Schanz  (89)  noted  that  much  of  the  red  color  of  red-leaved  lettuce 
grown  outdoors  disappeared  when  the  plants  were  placed  under  ordinary 
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window  glass  which  cut  off  most  of  the  radiation  below  3200  A,  while 

o 

all  of  it  disappeared  if  wave-lengths  shorter  than  3880  A  were  eliminated. 
When  young  plants  of  Celosia  Thompsoni  with  dark  red  leaves  were 
placed  in  daylight  under  various  screens  the  new  leaves  which  formed  were 
less  red  and  more  green  the  more  the  short  wave-lengths  were  eliminated, 

o 

and  were  completely  green  when  wave-lengths  shorter  than  4200  A  were 
removed.  Red-beet  leaves  lost  the  red  color  in  the  absence  of  ultra- 
violet radiation,  but  the  stems  and  petioles  remained  red. 
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These  investigators  have  all  attributed  possible  biological  significance 
to  the  development  and  presence  of  these  anthocyanins  and  flavones. 
One  of  the  possible  roles  suggested  for  these  substances  was  that  they 
absorb  ultra-violet  radiation  and  consequently  protect  deeper  lying  cells 
from  its  injurious  effects.     Metzner  (60)  found  that  the  region  3500  to 
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4000  A  does  not  pass  through  cell  sap  which  contains  tannins  and  flavones. 
However,  this  hypothesis  loses  weight  when  it  is  remembered  that  ultra- 
violet radiation  of  the  intensity  and  quality  present  in  solar  radiation 
has  never  been  conclusively  demonstrated  to  be  injurious  to  plants. 
Such  evidence  as  is  available,  as,  for  example,  that  of  Arthur  and  Newell 
(3),  indicates  rather  that  ultra-violet  of  the  intensity  and  quality  present 
in  daylight  is  not  injurious. 

One  of  the  possible  demonstrations  of  the  injurious  effects  of  solar 
ultra-violet  is  indicated  by  Schanz's  experiment  with  the  purple  beech 
(89).  While  the  experiment  was  not  carried  out  with  proper  controls,  it 
does  indicate  a  possible  destructive  action  of  short-wave  radiation  on 
plants  containing  epidermal  anthocyanin  when  they  are  first  grown  under 
conditions  which  prevent  the  development  of  this  anthocyanin  and  later 
exposed  to  radiation  containing  ultra-violet.  Schanz,  having  raised  this 
purple  beech  under  various  screens,  found  that  it  lost  its  red  anthocyanin 
color  the  more  the  short  waves  were  cut  off.  He  then  transplanted  one 
of  the  plants  which  had  developed  large  green  leaves  lacking  anthocyanin 
to  the  open  where  it  was  exposed  to  the  full  radiation  of  daylight.  At 
the  end  of  14  days  all  of  these  green  leaves  were  dead  and  the  new  ones 
that  had  developed  were  red  in  color.  Schanz  concluded  that  possibly 
the  red  anthocyanin  acted  as  a  screen  here  to  protect  the  plants  against 
ultra-violet  radiation.  Unfortunately  plants  that  had  ah-eady  developed 
anthocyanin  were  not  transplanted  to  the  open  in  a  similar  manner. 
Furthermore,  other  species  of  plants  containing  a  similar  anthocyanin 
relationship  were  not  injured  when  placed  in  the  open.  This  situation 
might  be  cleared  up  if  such  plants  as  the  purple  beech  were  first  grown 
under  conditions  in  which  anthocyanin  fails  to  develop  and  then  exposed 
to  an  artificial  source  of  ultra-violet  by  tlie  same  method  as  was  used  by 
Arthur  and  Newell.  Then  at  least  we  would  be  able  to  ascertain  whether 
such  plants  were  more  sensitive  to  long-wave-length  ultra-violet  than 
ordinary  plants. 

Popp  (69,  70)  found  that  mustard  seedlings  grown  continuously  in 
the  dark,  or  grown  in  the  dark  and  exposed  to  the  mercury  arc  from  which 
the  ultra-violet  portion  had  been  eliminated,  formed  anthocyanin.  The 
fact  that  beet  roots  developed  in  the  soil  in  the  absence  of  all  radiation 
are  rich  in  anthocyanin  is  well  known. 

The  experiments  seem  to  indicate  that  anthocyanin  formation  is 
possibly  favored  by  ultra-violet  radiation,  but  ultra-violet  effects  have 
never  been  clearly  separated  from  those  of  total  radiation  intensity  or 
from  blue-visible  effects. 
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Further  information  concerning  the  effect  of  ultra-violet  radiation 
on  anthocyanin  development  is  given  in  another  paper  (Arthur,  Paper 
XXXV). 

CONCLUDING  REMARKS 

In  spite  of  the  many  publications  on  the  subject,  exact  knowledge 
regarding  the  infiuence  of  ultra-violet  radiation  upon  seed  plants  other 
than  its  destructive  action  is  still  to  be  ascertained.  The  interest  in 
ultra-violet  in  recent  years  has  been  so  widespread  as  to  justify  the 
accusation  of  some  that  the  subject  is  a  fad.  It  is  to  be  hoped  that  the 
"fad"  will  not  run  its  course  before  accurate  information  has  been 
obtained.  Needless  to  say,  such  information  will  not  be  forthcoming 
from  experiments  of  short  duration,  carried  out  with  a  few  plants  under 
poorly  controlled  conditions  such  as  have  predominated  in  the  work  of 
the  past. 

Much  of  the  present  uncertainty  of  our  knowledge  of  the  effects  of 
radiation  upon  plants  rests  upon  the  complexity  of  the  problem  itself. 
No  other  environmental  factor  is  so  variable  or  so  difficult  to  control. 
The  fact  that  plants  require  visible  radiation  for  normal  growth  neces- 
sitates supplying  them  with  this  radiation.  Sources  of  visible  radiation 
usually  contain  also  infra-red  radiation.  Consequently  these  factors 
must  be  considered  and  equalized  in  test  cultures  and  controls  when  the 
effects  of  ultra-violet  are  to  be  studied.  Total-radiation  measurements, 
transmissions  of  screens,  spectrograms  of  the  radiation  used,  and  the 
like,  are  in  themselves  insufficient  to  give  a  complete  picture  of  the 
nature  of  the  radiation  reaching  plants,  although  in  many  papers,  even 
these  variables  are  not  given.  Few,  if  any,  authors  have  measured  the 
total  energy  or  the  distribution  of  the  energy  in  the  ultra-violet  to  which 
results  were  attributed,  to  say  nothing  of  the  failure  to  equalize  the 
radiant  energy  of  other  wave-lengths  reaching  the  test  plants  as  com- 
pared with  the  controls.  While  it  is  conceded  that  these  measurements 
are  difficult  to  make,  it  must  also  be  admitted  that  so  long  as  they 
remain  unknown  in  an  experiment  the  results  cannot  be  attributed  to 
ultra-violet  any  more  than  to  any  other  operating  variable. 

In  addition  to  the  necessity  of  having  a  complete  description  of  the 
radiation  reaching  plants  it  is  no  less  important  to  know  whether  the 
plants  or  plant  parts  studied  absorb  selectively  different  portions  of 
the  spectrum  and  to  what  extent.  Possible  photochemical  reactions  in 
the  plant  may  be  greatly  accelerated  in  a  relatively  narrow  region  of  the 
spectrum  that  is  strongly  absorbed,  whereas  comparatively  high  intensi- 
ties in  a  region  that  is  feebly  or  not  at  all  absorbed  might  be  without 
effect. 
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INTRODUCTION 

Interest  in  the  effects  of  light  on  fungi  has  now  lasted  well  over  a 
century.  The  early  work  was  of  a  decidedly  qualitative  nature  and 
dealt  only  with  light  of  the  visible  spectrum.  Since  that  time  investiga- 
tions have  been  extended  to  include  radiations  from  the  short  gamma 
waves  to  Hertz  waves  of  a  hundred  meters.  Unfortunately  even  the 
most  recent  work  is  largely  of  a  qualitative  nature.  For  the  most  part, 
when  monochromatic  light  was  used,  the  intensity  was  not  measured,  and 
when  the  intensity  was  measured,  the  quality  of  the  light  used  was  not 
accurately  determined;  or  the  intensity  was  not  kept  constant  when 
the  wave-length  was  changed.  Throughout  most  of  the  work  there 
has  been  an  inadequate  control  of  environmental  conditions.  These 
uncontrolled  factors  have  often  led  to  an  unfair  interpretation  of  results, 
and  this  fact  must  be  given  due  weight  in  any  attempt  to  estimate  what 
is  known  about  the  effects  of  radiation  on  fungi.  In  view  of  the  absence 
of  any  attempt,  apparently,  to  bring  together  the  scattered  and  extensive 
literature  in  this  field,  and  further,  in  view  of  the  wealth  of  biological 
material  that  has  been  considered,  it  has  seemed  desirable  to  include  in 
this  paper  observations  that  vary  greatly  in  merit  or  importance. 

VISIBLE  AND  ULTRA-VIOLET   RADIATION 
MYCELIUM 

Pigmentation. — Since  early  times  botanists  have  observed  that  fungi 
which  are  growing  in  the  dark  are  likely  to  be  very  pale  in  color  in  com- 
parison with  those  grown  in  the  light.  Bonorden  (12)  made  note  of 
this  as  early  as  1851,  and  since  that  time  Smith  and  Swingle  (170), 
Bessey  (6),  Robinson  (159),  Milburn  (122),  Kosaroff  (93),  Morris  and 
Nutting  (127),  and  others  have  made  similar  observations.  Humboldt 
and  Seyne  (cf.  Elfving,  39),  however,  showed  that  this  was  not  applicable 
to  all  fungi  since  they  found  colored  varieties  growing  in  complete 
darkness.  Lieske  (105)  also  found  that  the  formation  of  pigment  in 
Actinomycetes  is  apparently  independent  of  the  action  of  light.     There 
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has  been  little  study  of  the  effects  of  different  light  intensities  on  pig- 
mentation. Smith  and  Swingle  (170)  reported  that  within  the  limits  used 
in  their  experiments  color  appears  sooner  in  the  mycelium  of  Fusarium 
oxysporum  with  the  highest  light  intensities.  They  also  found  that 
after  the  light-color  response  any  new  growth  of  the  mycelium  in  dark- 
ness is  white,  indicating  that  the  effects  produced  by  light  cease  almost 
as  soon  as  the  light  is  removed.  Experiments  made  by  Smith  and 
Swingle  (170),  Bessey  (6),  Robinson  (159),  and  McCrea  (119)  all  show 
that  pigment  production  is  induced  by  the  blue  end  of  the  spectrum, 
and  McCrea's  results  show  in  addition  that  red  rays  exert  no  inhibiting 
effect.  In  all  these  experiments  liquid  light  filters  were  used.  The 
culture  medium  may  also  influence  the  degree  of  pigment  production 
or  may  even  determine  whether  pigment  is  formed.  Such  results 
have  been  reported  by  Smith  and  Swingle  (170)  and  by  Morris  and 
Nutting  (127). 

Growth  Rate. — Sunlight  has  long  been  known  to  exert  an  inhibitive 
effect  on  the  growth  rates  of  fungi.  Qualitative  studies  have  been  made 
by  Fries  (52),  Carnoy  (20),  Brefeld  (15,  16),  Downes  and  Blunt  (35), 
Pfeffer  (145),  Stameroff  (172),  Zopf  (cf.  Elfving,  39),  Kegel  (155),  Vines 
(189),  Ternetz  (187),  Schulze  (167),  Lieske  (105),  and  Potts  (148). 
Small  amounts  of  sunlight  retard  whereas  large  amounts  kill  fungi. 
Qualitative  studies  have  also  been  made  of  the  retarding  effects  of  ultra- 
violet radiation.  Among  these  might  be  mentioned  those  of  Lieske  (105), 
Porter  and  Bockstahler  (147),  Dillon- Weston  and  Hainan  (34),  Welch 
(192),  and  Feuer  and  Tanner  (51). 

Attempts  were  next  made  to  show  which  regions  of  the  spectrum 
exert  harmful  action.  Kegel  (155),  Vines  (189),  and  later  Buchta  (18), 
all  using  liquid  filters,  found  that  it  is  the  blue  end  of  the  visible  spectrum 
that  retards  growth.  It  was  also  found  by  Lieske  (105),  Buchta  (18), 
and  others  that  the  ultra-violet  is  more  harmful  than  the  blue.  In 
studying  different  regions  of  the  ultra-violet  Johnson  (83),  Hutchinson 
and  Newton  (80),  and  Hutchinson  and  Ashton  (79)  reported  that  the 
shortest  wave-lengths  appear  to  be  the  most  harmful.  Johnson  used 
glass  filters,  and  Hutchinson  and  Newton,  and  Hutchinson  and  Ashton 
used  a  monochromator,  but  the  intensities  were  not  measured  for  the 
different  wave-lengths  studied  so  that  a  final  evaluation  of  the  results 
is  provisional.  More  recently,  however,  two  papers  have  appeared, 
one  by  Ehrismann  and  Noethling  (37)  and  the  other  by  Oster  (141), 
in  which  careful  studies  have  been  made  of  the  effects  of  equal  intensi- 
ties of  different  wave-lengths  in  the  ultra-violet  on  the  growth  of  yeast 
cells.  In  both  studies  monochromatic  light  was  used  and  the  intensities 
were  measured  with  a  photoelectric  cell  or  thermopile.  Ehrismann  and 
Noethling  considered  the  energies  necessary  to  produce  1  to  10  per  cent 
killing,  whereas  Oster  considered  50  per  cent  killing.     However,  when 
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wave-lengths  are  plotted  against  the  energies  neressary  to  kill,  the 
curves  are  essentially  similar  with  minima  at  about  2650  A.  Ehrismann 
and  Noethling  worked  only  with  wave-lengths  above  2400  A.  Oster 
worked  with  wave-lengths  as  low  as  2200  A,  and  his  curves  indicate 

o 

another  minimum  below  2300  A.  It  is  interesting  to  note  that  these 
curves  are  comparable  in  shape  with  curves  which  have  been  obtained 
for  bacterial  cells.  A  comparison  made  by  Oster  of  the  energies  neces- 
sary to  kill  50  per  cent  of  the  cells  irradiated  shows,  however,  that 

o 

457  erg  mm.^  are  necessary  at  2652  A  compared  with  23,500  ergs  mm.^ 
at  3022  A,  or  roughly  five  times  the  energy  range  which  has  been  obtained 
for  Staphylococcus  aureus.  The  curves  are  also  similar  to  those  of  certain 
nucleoprotein  derivatives  known  to  occur  in  yeast  cells.  Oster  pointed 
out  that  this  suggests  that  possibly  the  effects  of  ultra-violet  radiation 
may  result  from  the  absorption  of  energy  by  these  nucleoproteins. 

A  number  of  recent  papers  have  laid  much  emphasis  on  the  differ- 
ent degrees  of  injury  which  may  be  produced  by  ultra-violet  radia- 
tion. This  is  not  a  new  idea.  Schulze  (167)  as  early  as  1909  reported 
that  when  Mucor  stolonifer  is  irradiated  with  diffuse  light  of  2900  A, 
there  is — except  with  strong  intensities — an  interval  or  latent  period 
before  growth  is  hindered.  If  the  hyphae  are  irradiated  until  growth 
stops,  there  is  no  further  growth,  but  if  the  irradiation  is  not  continued 
so  long,  growth  often  stops  sometime  after  irradiation  but  is  resumed 
again  after  a  period  of  no  growth.  Lacassagne  (96)  divided  yeast  cells 
which  had  been  exposed  to  ultra-violet  radiation  into  three  classes; 
(a)  cells  which  after  a  retardation  in  cell  division  ultimately  recover 
their  reproductive  powers;  (6)  cells  which  divide  only  once  and  then  die; 
(c)  cells  which  die  without  dividing.  Wyckoff  and  Luyet  (196)  and 
Oster  (139)  have  also  placed  yeast  cells  in  these  different  categories, 
but  Oster  considers  an  additional  class  which  falls  between  (a)  and  (6) 
in  which  the  metabolic  functions  of  the  cell  are  retarded  as  shown  by  a 
lowered  rate  of  oxygen  consumption. 

In  the  early  studies  of  the  retarding  effects  of  radiation  on  growth 
rates  no  absolute  measurements  were  made  of  the  intensities  of  light 
used.  However,  comparisons  were  made  of  the  different  exposures 
to  the  same  intensities  necessary  to  produce  the  same  effect  in  differ- 
ent fungi  and  to  produce  different  effects  in  the  same  fungus.  Von 
Recklinghausen  (190)  found  that  it  took  more  than  six  times  as  long 
to  kill  yeasts  as  to  kill  bacteria  in  water,  and  Houghton  and  Davis  (78) 
made  observations  on  the  marked  resistance  to  ultra-violet  of  molds 
as  compared  with  bacteria.  Dillon-Weston  and  Hainan  (34)  showed 
that  increasing  the  intensity  increases  inhibitive  and  lethal  effects. 
More  recently  absolute  measurements  of  intensity  with  a  thermopile 
or  photoelectric  cell  have  been  made  by  Wyckoff  and  Luyet  (196), 
Ehrismann  and  Noethling  (37),  Schreiber  (166),  and  Oster  (139).     The 
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data  obtained  by  Wyckoff  and  Luyet,  Schreiber,  and  Oster  can  all  be 
recorded  in  the  form  of  typical  S-shaped  survival   curves  when  the 
percentage  of  survivors  is  plotted  against  the  energy  of  light  used. 
All  these  data  were  recorded  for  yeasts.     Various  interpretations  may 
be  given  to  these  curves.     Some  consider  the  logarithmic  portion  as 
denoting    a    monomolecular    reaction.     Other    environmental    factors 
are  considered  as  responsible  for  producing  deviations  from  the  loga- 
rithmic  type.     Others  attribute  the  shape  of  the  curve  to  multiple- 
quantum  hits  on  a  sensitive  region  in  the  cell,  while  still  others  consider 
the  curve  as  merely  a  normal  probability  curve  due  to  differences  in 
resistance  of  individual  cells.     At  the  present  time  the  multiple-quantum- 
hit  theory  seems  to  be  in  favor,  although  no  entity  in  the  cell  which 
might  be  considered  as  the  sensitive  region  has  been  demonstrated. 
By  a  mathematical  procedure  developed  by  Mme.  Curie  it  is  possible 
to  determine  the  number  of  quantum  hits  necessary  to  kill  when  the 
amount  of  energy  and  the  survival  ratio  are  known.     A  single  hit  is 
defined  as  the  absorption  of  one  quantum  in  the  sensitive  region.     Hol- 
weck  and  Lacassagne  (77)  determined  that  nine  hits  are  necessary  to  kill 
yeast  cells  with  mixed  ultra-violet  radiation  of  wave-lengths  of  2800  to 
3800  A.     Schreiber  (166)  reported  that  six  hits  are  necessary  at  2540  A 
and  29  at  2290  A.     Oster  and  Arnold  (142),  however,  found  that  the 
number  of  hits  necessary  to  kill  is  about  the  same  for  different  wave- 
lengths in  the  ultra-violet  but  that  the  number  of  quanta  involved 
in  the  production  of  different  degrees  of  inhibition  of  cell  division  vary 
from  approximately  four  to  six,  and  further  that  the  number  of  quantum 
hits  increases  with  an  increase  in  the  degree  of  inhibition  secured.     Hol- 
weck  (76)  has  gone  so  far  as  to  calculate  that  the  size  of  the  sensitive 
zone  approximates  that  of  the  yeast  nucleus.     Oster  and  Arnold  (142) 
expressed  the  opinion  that  different  quantum  hits  which  they  obtained 
may  indicate  the  existence  within  the  yeast  cell  of  several  entities  each 
of  which  is  involved  in  a  future  budding.     Wyckoff,  who  has  used  the 
multiple  hit   theory  as  an  explanation  of  lethal  action  in  fungi,  has 
recently  adopted  a  somewhat  modified  point  of  view  in  his  statement 
that  "it  is  very  likely  that  the  quantum  picture  has  a  certain  reality 
for  electron  killing,  but  it  is  equally  probable  that  the  same  order  of 
d-eath  from  ultra-violet  light  is  an  expression  of  variable  susceptibili- 
ties" (195). 

The  Bunsen-Roscoe  law  holds  within  narrow  intensity  limits  for 
yeasts.  Oster  (140)  found  that  the  law  is  valid  for  variations  in  intensity 
of  the  incident  radiation  only  up  to  30  per  cent.  Schreiber  (166)  also 
found  that  the  law  holds  within  narrow  limits,  but  below  these  limits 
a  long  exposure  with  a  low  light  intensity  is  much  more  effective  than 
a  short  exposure  with  a  higher  intensity.  Fulton  and  Coblentz  (54) 
noted  that  the  Bunsen-Roscoe  law  also  holds  for  intermittent  ultra- 
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violet  radiation  on  Penicillium  digitatum  within  the  limits  of  the  intensi- 
ties that  they  used. 

It  has  already  been  mentioned  that  deviations  from  the  logarithmic 
type  in  the  S-shaped  survival  curves  have  been  attributed  by  many 
to  other  varying  factors.  The  factors  which  have  been  considered 
as  possibly  responsible  have  been  age  of  the  cultures  used  and  the  tem- 
perature at  which  the  cells  are  irradiated.  The  results  of  Oster  (140) 
and  Schreiber  (166)  are  in  opposition  with  regard  to  the  effect  of  age 
on  the  sensitivity  of  yeast  cultures  to  ultra-violet.  Oster  found  that 
20  to  50  per  cent  more  incident  energy  is  necessary  to  produce  a  given 
effect  in  a  15-day  than  in  a  24-hr.  culture,  whereas  Schreiber  found  that 
the  age  of  the  culture  makes  little  difference  in  the  sensitivity  of  the  yeast 
cells.  The  effect  of  the  temperature  at  which  the  cells  are  irradiated 
was  also  investigated  by  Schreiber  and  by  Oster.  Oster,  working  with 
four  different  temperatures  ranging  from  8°  to  29.5°C.,  obtained  1.10  as 
an  average  value  for  the  temperature  coefficient  of  lethal  action.  This 
value  agrees  very  closely  with  those  obtained  for  bactericidal  action. 
It  suggests  a  physical  rather  than  a  chemical  process.  Oster  noted  that 
the  values  increase  slightly  as  the  temperature  is  increased.  Since 
30°C.  is  a  critical  temperature  for  the  strain  of  yeast  which  he  used,  he 
attributed  the  increase  to  the  possible  influence  of  another  reaction. 
Schreiber  studied  the  combined  effects  of  radiation  and  temperature. 
He  found  that  the  effects  are  very  complex.  He  did  not  calculate 
temperature  coefficients,  but  he  made  numerous  curves  which  indicate 
the  complexity  of  the  reactions. 

One  factor  which  may  markedly  affect  lethal  action  and  which 
has  been  given  very  little  attention  is  the  shielding  action  of  the  medium. 
Any  growth  below  the  surface  does  not  receive  the  full  effect  of  the  rays. 
This  has  been  discussed  in  some  detail  by  Dillon- Weston  and  Hainan  (34). 
The  composition  of  the  medium  and  its  state  of  ionization  may  also 
alter  the  effects  produced  by  irradiation.  Many  investigators  have 
noted  that  there  is  no  difference  in  fungi  planted  on  an  unirradiated  and 
an  irradiated  medium.  However,  they  have  not  considered  the  more 
complicated  relation  of  the  effects  of  radiation  on  the  fungus  and  on  the 
medium  in  which  it  is  growing  at  the  time  of  irradiation.  Teichler  (186) 
varied  the  amounts  of  sodium  chloride  and  calcium  chloride  in  the 
medium  and  noted  the  differences  in  the  number  of  cells  which  appeared 
after  irradiation.  Hinrichs  (73)  reported  that  ultra-violet  radiation 
causes  substances  to  be  formed  in  the  ordinary  nutrient  solution  which 
are  toxic  to  yeast.  Smith  (169)  also  noted  the  effects  of  the  composi- 
tion of  the  medium  on  stimulation  in  Fusarium. 

The  phenomenon  of  stimulation  has  been  in  dispute  for  some  time. 
It  has  been  considered  by  many  as  an  irregular  sort  of  process  whose 
occurrence  is  unpredictable.     A  number  of  workers  have  reported  stimu- 
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lation  of  the  growth  rates  of  fungi  with  ultra-violet  radiation.     Nadson 
and  Phihppov  (134)  observed  in  a  yeast  colony  that  there  is  much  greater 
growth  around  the  edges  of  an  irradiated  zone  than  outside  the  zone 
whereas  growth  in  the  middle  is  retarded.     The  stimulation  has  been 
attributed  to  small  amounts  of  scattered  radiation.     However,  when 
small  doses  of  radiation  have  been  used  in  an  attempt  to  obtain  stimula- 
tion, the  results  have  been  on  the  whole  quite  unsuccessful.     Wyckoff 
and  Luyet  (196),  Schreiber  (166),  and  Smith  (169)  obtained  no  evidence 
of  stimulation  with  small  doses  of  ultra-violet.     Schreiber  made  very 
extensive  experiments  with  a  large  number  of  different  wave-lengths 
and  intensities.     Chavarria  and  Clark  (24),  however,  found  that  short 
exposures  to  ultra-violet  always  produce  a  stimulation  in  the  growth 
rates  of  Montoyella  cultures,  whereas"  longer  exposures  are  lethal.     The 
difference  in  the  results  obtained  by  Chavarria  and  Clark  from  those  of 
other  workers  may  be  due  to  the  difference  in  the  times  at  which  measure- 
ments of  the  amount  of  growth  were  made  after  irradiation.     That  this 
might  be  a  real  factor  is  brought  out  by  the  experiments  of  Smith  (169) 
who  found  in  Fusarium  cultures  only  temporary  stimulation,  which  was 
never  obtained  without  a  previous  retardation.     After  a  short  period  of 
time  the  growth  rate  returned  to  normal.     Smith  considered  stimulation 
of  vegetative  growth  as  merely  an  indirect  effect  of  radiation  and  a 
direct  effect  of  retardation,  since  other  agents  which  produce  a  retardation 
also  produce  stimulation.     Smith  also  found  that  temperature  conditions 
and  nutritional  conditions  which  favor  the  growth  of  the  fungus  favor 
also  stimulation.     The  idea  was  suggested  that  those  conditions  which 
favor  the   formation   and  accumulation   of  labile  products  favor  also 
stimulation  following  retardation.     This  is  not  in  agreement  with  the 
work  of  Hutchinson  and  Newton  (80)  who  obtained  the  greatest  stimula- 
tion in  slow  growing  cultures  of  yeast.     Hutchinson  and  Newton  also 
studied  the  effects  of  individual  wave-lengths  from  a  monochromator 
on  the  growth  rate  of  yeast.     With  some  wave-lengths  they  obtained 
stimulation  and  with  others  retardation.     However,  differences  in  the 
effects  produced  by  different  spectral  lines  may  be  caused  entirely  or 
partially  by  differences  in  intensity.     This  factor  was  not  considered 
in  the  investigation  and  a  final  evaluation  of  the  results  is  provisional. 
The  effects  of  radiation  on  the  growth  rates  of  fungi  are  of  some  prac- 
tical as  well  as  theoretical  importance.     Its  effects  on  yeast  are  of 
importance  to  the  brewing  industry  and  radiation  may  also  assume  some 
importance  to  the  plant  pathologist  in  the   control   of  certain   plant 
diseases.     Hey  and  Carter  (71),  for  example,  found  that  it  is  possible 
to  give  wheat  seedlings  an  amount  of  ultra-violet  which  gives  a  fairly 
effective  control  of  Erysiphe  graminis  without  causing  damage  to  the 
host.     The  effects  of  radiation  on  fermentation  will  be  discussed  more 
fully  in  the  discussion  of  physiological  properties. 
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Morphology. — Certain  morphological  changes  may  be  readily  pro- 
duced in  fungi  exposed  to  radiation.  By  a  microscopic  examination  very 
pronounced  differences  in  the  shape  and  appearance  of  fungus  colonies 
were  observed  by  Berde  (5)  and  Schreiber  (166).  Schulze  (167)  made 
some  very  interesting  microscopic  observations  of  the  mycelium  of 
Mucor  stolonifer  which  was  irradiated  with  sublethal  doses  of  ultra- 

o 

violet  radiation  of  2900  A.  About  30  min.  after  irradiation  the  hyphae 
become  densely  granular,  increase  to  almost  double  their  usual  diameter, 
and  the  tips  of  the  hyphae  become  bulbous  or  club-shaped.  If  not 
irradiated  too  long,  there  appears  after  an  interval,  depending  on  the 
time  of  irradiation  and  the  intensity,  a  clear  mass  of  protoplasm  in  the 
swollen  end  of  each  hypha  from  which  arises  a  new  hypha.  The  repro- 
ductive processes  of  cells  are  apparently  hindered  with  much  lower  light 
intensities  than  the  growth  processes.  Doses  which  are  too  small  to 
prevent  growth  may  be  sufficient  to  stop  division.  This  results  in  the 
production  of  giant  cells  and  has  been  observed  by  many  workers  includ- 
ing Elfving  (38),  Reinhard  (157),  Lacassagne  (96),  and  Holweck  (76). 

FRUITING    STRUCTURES 

Form. — Many  of  the  early  botanists  observed  that  fungi  which  are 
growing  in  dark  places  have  quite  a  different  shape  from  those  in  the 
light.  One  of  the  earliest  records  of  this  change  in  form  due  to  light  was 
reported  by  Fries  (52)  as  early  as  1821.  He  observed  that  in  the  dark  the 
stalks  of  mushrooms  are  longer  and  often  branched,  and  unstalked 
forms  become  stalked.  Since  observations  were  made  in  the  field,  it  is 
not  clear  to  what  extent  other  factors  may  have  been  involved.  Other 
observers  including  Brefeld  (15),  Vines  (189),  Holtermann  (cf.  Ternetz, 
187),  and  Buller  (19)  found  that  a  number  of  the  Mucorales  and  Basidio- 
mycetes  develop  elongated  fruiting  structures  in  the  dark.  Fries  (52) 
also  observed  that  certain  Myxomycetes,  Hyphomycetes,  Basidiomycetes, 
Pyrenomycetes  and  truffles  are  not  affected  in  their  development  by  a 
lack  of  light.  These  last  observations  have  been  confirmed  by  later 
writers  and  have  been  found  to  apply  rather  generally  to  a  large  number  of 
families  and  genera. 

Zonation. — A  number  of  investigators  have  studied  the  effects  of 
light  on  the  arrangement  of  conidiophores  or  fruiting  bodies  in  concentric 
rings.  The  phenomenon  is  apparently  quite  complex  involving  the 
interaction  of  a  number  of  different  environmental  factors.  The  results 
which  have  been  reported  are  somewhat  contradictory,  owing  probably  to 
insufficient  control  of  environmental  conditions  and  to  the  fact  that 
different  species  may  react  very  differently  to  the  same  conditions.  As 
yet  sufficient  data  from  controlled  experiments  are  not  available  to  draw 
definite  conclusions.     A  number  of  workers  including  Hedgcock   (69), 
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Gallemaerts  (56),  Hutchinson  (81),  Molz  (124),  Stevens  and  Hall  (179), 
Hall  (65),  Rahn  (153),  and  Bisby  (8)  found  that  an  alternation  of  light 
and  dark  is  necessary  for  zonation.  Others,  however,  such  as  Reide- 
meister  (156)  and  Munk  (129),  found  that  zones  are  formed  only  in 
continuous  darkness.  Hedgcock  (69)  and  Gallemaerts  (56)  determined 
the  wave-lengths  of  light  which  are  effective  in  producing  zonation,  but 
their  results  are  contradictory,  even  though  they  used  the  same  species 
of  fungi.  Light  is  not  the  only  factor  which  may  cause  zonation.  Bisby 
(8),  Hall  (65),  and  Ellis  (40)  showed  that  an  alternation  of  temperature 
will  produce  zonation  while  Milburn  (122),  Hedgcock  (69),  Moreau  (125), 
and  Ellis  (40)  showed  that  the  quality  of  the  medium  may  determine 
whether  or  not  zonation  occurs.  One  of  the  most  interesting  discussions 
of  zonation  in  fungi  was  written  by  Brown  (17).  He  noted  that  zonation 
in  some  strains  of  Fusarium  is  dependent  on  light  while  in  other  strains 
there  appears  to  be  no  correlation.  He  gave  the  following  conditions  as 
necessary  for  zonation  in  response  to  light  changes :  (a)  the  fungus  should 
be  affected  in  its  sporing  capacity  by  light;  (6)  a  nonstaling  type  of 
mycelial  growth  should  be  maintained  from  day  to  day;  and  (c)  the 
medium  should  not  be  such  as  to  permit  such  intense  sporulation  that 
successive  zones  fuse.  His  work  is  valuable  chiefly  because  of  his 
appreciation  of  the  complex  of  factors  involved.  The  influence  of  light 
on  zonation  in  fungi  may  differ  with  the  species  concerned,  but  it  is 
highly  important  that  the  influence  of  all  factors  should  be  evaluated 
and  that  any  indirect  effects  of  light  should  be  distinguished  from  direct 
effects. 

Initiation  of  Fruiting  and  Further  Development. — Fungi  may  be  classi- 
fied in  the  following  distinct  groups  with  regard  to  their  ability  to  fruit 
under  different  light  conditions:   (a)   those  in  which  fruiting  is  inde- 
pendent of  light;  (b)  those  which  will  fruit  only  in  the  light;  (c)  those  in 
which  light  is  necessary  only  to  produce  the  fundaments  of  fruiting 
structures;  and   (d)  those  in  which  light  is  not  necessary  to  produce 
fundaments  but  is  necessary  for  the  further  development  of  fruiting 
structures.     A  familiar  example  of  the  first  group  is  Agaricus  campestris 
which  is  cultivated  by  mushroom  growers  on  a  large  scale  in  caves  and 
cellars  in  darkness  which  is  complete  except  when  the  cellars  are  visited 
by  attendants  with  candles  or  torch  lamps.     It  is  grown  in  this  way 
because  of  the  better  yield  assured  by  the  more  uniform  temperature 
maintained  in  the  absence  of  light.     Other  fungi  belonging  to  this  group 
were  described  by  Harter  (66),  Lendner  (102),  and  Buller  (19).     Pleywdo- 
mus  and  certain  agarics  described  by  Coons  (25)  and  Lendner  (102), 
respectively,   belong  to   group    (6).     Brefeld    (15,    16),   Holterman    (cf. 
Temetz,  187),  Ternetz  (187),  Harter  (67),  and  Schenck  (164)  cited  a 
number  of  different  species  which  belong  to  group  (c).     Some  of  the  most 
common  among  these  are  certain  Coprinus  species,  Tomentella,  Diaporthe, 
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Ascophenes,    and    Bolhitius.     Pilobolus    microsporus    as    described    by 
Brefeld  (15,  16)  belongs  to  group  (d). 

The  wave-lengths  which  are  most  effective  in  causing  fruiting  in  those 
species  for  which  light  is  essential  were  studied  by  Brefeld  (16),  Klein 
(90),  Elfving  (39),  Lendner  (102),  and  Luyet  (111).  These  experiments 
vary  widely  in  accuracy  and  there  are  no  general  conclusions  which  can  be 
drawn.  Kegel  (155),  Brefeld  (16),  and  Lakon  (98),  however,  all  found 
that  the  blue  region  of  the  spectrum  is  most  effective  for  the  development 
of  fundaments  of  fruiting  structures.  They  used  liquid  filters  and  Lakon 
also  used  glass  filters.  Kegel  studied  Pilobolus,  Lakon  Coprinus,  and 
Brefeld  observed  both  forms. 

The  exposures  necessary  to  induce  the  formation  of  fruiting  bodies 
(in  fungi  from  group  c)  are  apparently  very  short  according  to  Brefeld 
(15),  Lehman  (101),  and  Schenck  (164).  Kobinson  (159)  and  Schenck 
(164)  have  both  studied  in  some  detail  the  effects  of  light  intensity  on 
the  production  of  fruiting  bodies.  They  found  that  the  duration  as  well 
as  the  mtensity  is  important.  Kobinson  reported  that  within  the 
limits  employed  the  time  necessary  for  the  production  of  oogonia  and 
antheridia  in  Pyronema  confluens  is  proportional  to  the  intensity.  He 
also  noted  that  light  energy  can  be  utilized  in  the  production  of  repro- 
ductive structures  only  if  a  check  to  vegetative  growth  has  previously 
occurred.  This  check  leads  to  the  initiation  of  potentially  reproductive 
branch  systems.  If  light  falls  on  the  culture  shortly  before  the  actual 
check,  it  appears  to  be  available  for  subsequent  utilization,  whereas  if  it 
is  received  later  than  the  growth  check,  more  energy  appears  to  be 
necessary  to  produce  the  same  results. 

In  certain  cases  cultures  may  react  differently  to  light  depending 
on  the  medium  x)n  which  they  are  growing.  As  an  example  of  this 
Lendner  (102)  cited  Mucor  flavidus  which  forms  sporangia  in  the  dark 
only  if  it  is  growing  on  a  solid  medium. 

Growth  Rates. — Light  may  determine  not  only  whether  fruiting  bodies 
are  formed  but  also  the  rate  at  which  they  develop.  The  sporangiophores 
of  Phycomyces  nitens  are  exceedingly  sensitive  to  changes  in  light  inten- 
sity. Bullot  (cf .  Klebs,  88)  showed  that  the  sporangiophores  grow  faster 
in  continuous  light  than  in  the  dark.  Later  Blaauw  (9)  studied  the 
effects  of  varying  light  intensities.  He  observed  that  the  sporangiophores 
respond  to  an  increase  in  intensity  by  a  temporary  increase  in  the  growth 
rate.  This  is  followed  by  a  decrease  and  brief  fluctuations  until  the 
original  rate  is  regained.  With  one-sided  illumination  Oehlkers  (138) 
reported  that  only  the  first  maximum  appears.  In  either  case  to  produce 
a  new  stimulation  of  growth  it  was  found  that  the  intensity  must  be 
again  increased  by  a  definite  amount.  Blaauw  (9)  found  that  the 
sporangiophores  become  increasingly  sensitive  to  stimulation  by  light 
the  longer  they  are  kept  in  the  dark.     ToUenaar  and  Blaauw^  (cf.  Castle, 
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21)  estimated  the  amount  of  light  necessary  to  produce  a  just  perceptible 
increase  in  the  growth  rate.  They  found  that  the  increase  in  sensitivity 
is  a  simple  logarithmic  function  of  the  time  that  the  fungi  are  kept  in 
the  dark,  but  Wiechulla  (194)  found  that  this  holds  only  for  certain 
energy  values.  He  determined  that  the  amount  of  light  necessary  to 
produce  a  change  in  the  growth  rate  is  between  ^^  and  3^^  mcs.  A 
certain  amount  of  time  elapses  between  the  first  reception  of  light  and 
stimulation  of  the  growth  rate.  Castle  (21)  found  that  this  reaction  time 
is  compound,  consisting  of  an  exposure  period  and  a  latent  period.  In 
the  latent  period  he  included  both  the  period  in  which  photochemical 
action  occurs  and  any  "action  time"  necessary  for  the  response.  During 
the  latent  period  light  is  not  necessary.  The  duration  of  the  latent 
period  is  constant  for  a  particular  intensity  unless  the  duration  of  exposure 
is  reduced  below  a  certain  minimum.  Below  this  minimum  the  reaction 
time  lengthens  progressively  as  the  time  of  exposure  decreases.  Castle 
(22)  also  found  that  there  may  be  a  "dark-growth"  response  as  well  as  a 
"light-growth"  response.  Sporangiophores  adapted  to  light  respond 
to  a  sudden  darkening  by  a  temporary  decrease  in  the  rate  of  elongation 
after  a  latent  period  of  several  minutes.  The  reaction  time  of  the 
"dark-growth"  response  is  compound  like  that  of  the  "light-growth" 
response.  The  rate  of  dark  adaptation  was  found  to  be  proportional 
to  the  logarithm  of  the  preceding  light  intensity  and  the  amount  of  dark 
adaptation  which  takes  place  before  the  response  occurs  is  always 
constant. 

SPORES 

Production. — A  small  ampunt  of  evidence  has  accumulated  to  indicate 
that  light  may  affect  spore  characteristics.  It  was  noted  by  von  Miiggen- 
burg  (128)  that  hyphae  appearing  on  the  cut  half  of  an  apple  have 
crescent-shaped  conidia  in  the  dark  and  club-shaped  ones  in  the  light. 
Appel  and  Wollenweber  (cf.  Morris  and  Nutting,  127)  also  found  that 
when  Fusarium  cultures  are  grown  in  the  dark  the  conidia  are  variously 
shaped  and  unevenly  septate.  There  are  also  reports  of  spores  produced 
by  irradiation  which  would  not  normally  occur.  Ramsey  and  Bailey 
(154)  reported  that  conidia  were  produced  in  a  strain  of  Fusarium  coeru- 
leum  when  the  cultures  were  exposed  to  ultra-violet  radiation  transmitted 
from  a  quartz-mercury-vapor  arc  and  filtered  through  vita  glass.  This 
strain  had  never  previously  produced  conidia.  They  also  found  that 
cultures  of  Fusarium  argilaceum  may  produce  only  chlamydospores  after 
irradiation.  Stevens  (173,  174,  176,  178)  exposed  a  large  number  of 
fungus  species  to  the  full  radiation  of  a  quartz-mercury-vapor  lamp. 
He  found,  however,  that  ultra-violet  may  initiate  the  development  of 
reproductive  structures  in  great  numbers  where  they  would  not  occur 
without  irradiation,  but  in  no  case  was  he  able  to  initiate  structures 
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which  are  not  known  to  be  occasionally  produced  by  these  fungi  in  the 
natural  course  of  events.  Perithecia  were  produced  in  cultures  of 
Glomcrella  cingulata  (173,  174),  CoUetotrichum  lagenarium  (178),  and  a 
species  of  Coniothyrium  (173).  Pycnidia  were  formed  in  Coniothyrium 
(176).  These  changes  were  all  brought  about  by  exposures  of  less  than 
1  min.  at  a  distance  of  20  cm.  from  the  lamp.  None  of  the  changes  was 
hereditary.  However,  in  only  a  few  of  the  many  species  which  he  irra- 
diated was  he  able  to  produce  any  change  in  the  method  of  reproduction. 

As  early  as  1852,  Tulasne  (cf.  MacDougal,  112)  observed  that  the 
sporophores  of  some  fungi  produce  spores  only  in  the  light.  Other  species 
than  those  observed  by  Tulasne  were  found  by  Brefeld  (16),  Lendner 
(102),  and  Grantz  (59)  to  require  light  for  spore  production.  Coprinus, 
Sphaerobolus,  and  Piloholus  are  some  of  the  fungi  which  fall  in  this  group. 
Loew  (106)  found,  however,  that  spore  production  in  Penicillium,  Tri- 
chothecium,  and  Mucor  stolonifer  is  independent  of  light.  For  those 
fungi  which  do  require  light  to  produce  spores  Brefeld  (16)  found  that 
only  a  few  hours'  exposure  is  sufficient  to  induce  complete  development 
in  the  dark.  The  studies  which  have  been  made  to  determine  which 
wave-lengths  are  necessary  for  spore  production  are  contradictory, 
probably  owing  to  the  variety  of  environmental  conditions  and  species 
employed.  Such  studies  were  made  by  Klein  (90),  Costantin  (cf.  Moreau 
and  Moreau,  126),  Reidemeister  (156),  Moreavi  and  Moreau  (126), 
Rabinovitz-Sereni  (152),  and  Purvis  and  Warwick  (150).  No  general 
conclusions  can  be  drawn  from  this  work. 

Long  exposures  to  ultra-violet  radiation  decrease  spore  production, 
whereas  short  exposures  stimulate.  The  inhibitive  effects  of  relatively 
long  exposures  were  noted  by  Purvis  and  Warwick  (150),  Porter  and 
Bockstahler  (147),  Hutchinson  and  Ashton  (79),  Stevens  (176),  and 
Smith  (169).  One  of  the  earliest  reports  of  stimulation  of  spore  produc- 
tion with  small  amounts  of  radiation  was  made  by  Purvis  and  Warwick 
(150).  They  exposed  portions  of  a  Mucor  culture  for  10  to  20  min.  to  the 
direct  radiation  of  a  Bach  quartz-mercury-vapor  lamp  placed  at  30  cm. 
from  the  culture.  The  temperature  of  the  culture  was  never  higher 
than  30°C.  The  portion  of  the  culture  below  the  center  of  the  aperture 
was  killed,  but  at  the  edges  of  the  irradiated  region  spores  were  produced 
in  great  abundance.  Since  that  time  a  number  of  investigators  including 
Stevens  (176),  Dillon- Weston  (33),  Hutchinson  and  Ashton  (79),  Ramsey 
and  Bailey  (154),  Bailey  (2),  and  Smith  (169)  have  tried  short  exposures 
to  ultra-violet  radiation  and  obtained  marked  stimulation  to  spore 
production  in  a  wide  variety  of  species.  Smith  made  spore  counts  and 
gave  curves  showing  quantitatively  the  effects  of  different  short  exposures. 
Both  Ramsey  and  Bailey,  and  Smith  reported  that  increased  spore 
production  does  not  seem  to  be  directly  correlated  with  inhibition  in  the 
growth  rate.     According  to  Bailey  and  to  Ramsay  and  Bailey  increasing 


900  BIOLOGICAL  EFFECTS  OF  RADIATION 

the  number  of  exposures  is  more  effective  than  increasing  the  length  of 
exposure. 

There  have  been  several  investigations  to  determine  which  wave- 
lengths are  most  effective  in  stimulating  spore  production.  Both 
Stevens  (173)  and  Bailey  (2)  found  that  only  wave-lengths  in  the  ultra- 
violet are  effective.  Ramsey  and  Bailey  (154)  obtained  the  greatest 
stimulation  of  spore  production  in  Macrosporium  Tomato  and  Fusarium 

o 

Cepae  with  wave-lengths  between  2535  and  2800  A  and  exposures  of 
15  to  30  min.  at  60  cm.  from  a  mercury  arc.  There  is  slight  stimulation 
with  wave-lengths  between  3120  and  3334  A.     With  wave-lengths  of  less 

o 

than  2535  A  there  is  a  stimulation  of  spore  production,  but  there  are 
also  some  lethal  effects  and  an  inhibition  of  mycelial  development.  All 
this  work  was  done  with  filters.  Bailey  (2)  irradiated  59  varieties  of 
Fusarium  with  a  Cooper-Hewitt  quartz-mercury  arc.  Most  species  tested 
give  maximum  spore  production  under  vita  glass  which  transmits  to 
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2650  A.  Bailey  as  well  as  Ramsey  and  Bailey  reported  a  stimulation  of 
spore  production  with  old  cultures. 

Certain  environmental  factors  may  affect  the  amount  of  stimulation 
of  spore  production  produced  by  radiation.  Stevens  (175),  for  example, 
found  that  in  Glomerella  cingulata  those  sugars  which  greatly  favor  growth 
also  increase  perithecial  production  on  irradiation.  Smith  (169)  found 
that  the  temperature  at  which  Fusarium  cultures  are  irradiated  markedly 
affects  the  number  of  spores  produced.  Temperature  alone  may  affect 
the  number  of  spores  produced,  but  the  effects  of  temperature  and 
radiation  are  not  additive  since  the  amount  of  stimulation  over  the 
controls  with  ultra-violet  is  different  in  cultures  grown  at  different 
temperatures.  This  is  in  contradiction  to  the  work  of  Ramsay  and 
Bailey  (154)  who  reported  that  temperature  is  not  an  important  factor  in 
determining  sporulation  in  Macrosporium  Tomato  and  Fusarium  Cepae. 
However,  they  considered  the  effects  of  ultra-violet  and  of  temperature 
in  separate  experiments  and  did  not  consider  the  effects  of  temperature  in 
conjunction  with  ultra-violet  radiation.  Stevens  (173)  regarded  the 
rise  in  temperature  of  a  culture  during  irradiation  as  unimportant  with 
regard  to  its  effect  on  spore  production.  Smith  (169)  found,  however, 
that  the  number  of  spores  produced  by  Fusarium  Eumartii  can  be  so 
increased  with  a  2-min.  exposure  to  ultra-violet  in  the  absence  of  a 
temperature  control  that  the  whole  culture  becomes  distinctly  blue  in 
color.  The  blue  color  is  due  to  diffraction  by  a  very  large  number  of 
spores  and  not  to  pigmentation.  The  blue  color  was  not  obtained  when 
the  cultures  were  irradiated  in  ice  water  or  in  a  water  bath  at  room 
temperature.  With  this  fungus,  at  least,  an  accurate  measure  of  spore 
production  under  the  influence  of  ultra-violet  radiation  cannot  be 
obtained  without  temperature  control. 

Ultra-violet  radiation  may  not  only  increase  the  number  of  spores 
produced  but  may  also  hasten  their  formation.     When  the  spectrum  of 
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the  full  mercury  arc  was  used,  Hutchinson  and  Ashton  (79)  found  that 
sporulation  m  Colletotrichum  phomoides  is  earlier  with  short  exposures 
but  later  with  longer  exposures.  They  observed  that  the  time  of  sporula- 
tion is  an  inverse  expression  of  the  growth  rate  only  within  certain  limits. 
They  used  a  monochromator  to  study  the  effects  of  specific  wave-lengths, 
but  since  no  measurements  of  intensity  were  made,  the  effects  produced 
by  different  spectral  lines  are  not  comparative. 

Abscission  and  Discharge. — Light  produces  very  different  effects  on 
the  abscission  of  spores  in  different  fungi.  Coemans  (cf.  Elfving,  39)  in 
1859  and  Brefeld  (15)  somewhat  later  were  among  the  first  to  notice 
that  the  discharge  of  spores  in  Pilobolus  can  be  delayed  by  placing  the 
fungus  in  the  dark.  Since  that  time  the  same  has  been  shown  to  apply  to 
Ascoholus,  slime  molds,  and  Coprinus  by  deBary  (3),  Hofmeister  (74a), 
and  Buller  (19),  respectively.  Buller  found,  however,  that  if  the  fruiting 
bodies  of  Coprinus  receive  light  daily,  they  do  not  require  light  on  the 
day  of  the  expansion  of  the  pileus  and  will  produce  spores  and  shed  them 
in  the  dark  at  the  normal  rate.  Some  attempts  have  been  made  to 
determine  which  w^ave-lengths  are  important  in  the  discharge  of  spores. 
Kraus  (95),  Kegel  (155),  and  Jolivette  (84)  have  all  reported  that  blue 
light  is  the  most  effective  but  that  other  wave-lengths  will  cause  spore 
discharge  to  a  lesser  degree. 

Germination. — Qualitative  studies  of  the  effects  of  sunlight  on  the 
germination  of  spores  were  made  in  1860  by  Hoffman  (74)  and  by  many 
others  since  that  time  (3,  19,  38,  50,  90,  100,  116,  167,  182,  188,  191,  193). 
In  general,  fungus  spores  apparently  germinate  just  as  well  without  light 
and  will  not  germinate  in  too  strong  light.  Light  received  by  spores  may 
affect  the  percentage  germination,  the  time  required  for  germination, 
and  even  the  ultimate  growth  of  the  culture,  but  it  does  not,  in  general, 
affect  the  morphology  of  the  hyphae  produced. 

The  inhibitory  effect  as  measured  by  the  percentage  germination  is 
directly  proportional  to  the  intensity  of  radiation  once  a  minimum 
intensity  is  reached.  This  was  emphasized  by  Schulze  (167),  Luyet  (110), 
and  Rabinovitz-Sereni  (151).  However,  as  both  Luyet  (HI)  and  Smith 
(168)  have  more  recently  pointed  out,  the  proportionality  does  not  hold 
for  large  as  well  as  small  doses,  as  shown  by  the  S-shaped  survival  curves 
which  they  obtained. 

The  data  which  have  accumulated  indicate  that  in  general  the  per- 
centage germination  decreases  as  the  wave-length  decreases  throughout 
the  visible  and  ultra-violet  spectrum.  Sorokin  (171)  and  Klein  (90) 
both  using  liquid  filters  showed  that  blue  light  is  the  most  inhibitory  of 
the  visible  spectrum.  Laurent  (100)  placed  spores  behind  screens  of 
quinine  sulfate  and  found  that  ultra-violet  is  more  inhibitory  than  visible 
radiation.  Bovie  (13,  14)  using  wave-lengths  ranging  from  the  longest 
of  the  ultra-violet  to  those  of  less  than  1700  A  concluded  that  destructive 
action  in  the  ultra-violet  increases  as  the  wave-length  decreases.     Certain 
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wave-lengths  in  the  ultra-violet  may  increase  rather  than  decrease  the 
percentage  germination.  This  was  show^n  by  Hutchinson  and  Ashton 
(79)  who  worked  with  Colletotrichum  phomoides  and  a  quartz  monochro- 
mator.  However,  since  there  were  no  measurements  made  of  the  inten- 
sities used,  it  is  impossible  to  tell  w^hether  the  variations  produced  by 
different  spectral  lines  were  caused  entirely  by  changes  in  w^ave-length. 

Color  may  form  a  protective  screen  against  the  harmful  effects  of 
light.  The  results  of  Bie  (7),  Bovie  (14),  Dillon- Weston  (32), 
Rabinovitz-Sereni  (151),  and  Chavarria  and  Clark  (24)  in  which  the 
sensitivities  of  different  colored  spores  were  compared  all  support  the 
theory  advanced  by  Chavarria  and  Clark  that  pigment  in  colored  spores 
protects  the  spores  against  the  destructive  action  of  light  by  partial 
absorption  of  the  destructive  rays. 

This  same  theory  has  been  advanced  as  a  possible  explanation  for  the 
differences  in  susceptibility  of  mycelium  and  spores.  The  comparisons 
made  by  Schulze  (167),  Fulton  and  Coblentz  (54),  and  Elfving  (39) 
indicate  that  the  mycelium  is  more  sensitive  than  resting  spores.  Smith 
(168),  however,  reported  that  this  does  not  apply  to  Fusarium  Eumartii 
since  the  mycelium  is  less  sensitive  to  ultra-violet  than  the  spores,  and 
germinating  spores  are  no  more  sensitive  than  resting  spores.  This 
fungus,  however,  has  colorless  mycelium  and  spores.  This  does  not 
imply  that  pigment  has  no  effect,  but  merely  that  some  other  factor 
must  be  assumed  to  explain  the  data  which  have  accumulated  on  the 
relative  sensitivity  of  spores  and  mycelium. 

There  is  some  question  as  to  the  importance  of  age  in  the  susceptibility 
of  spores  to  radiation.  Sibilia  (cf.  Rabinovitz-Sereni,  151)  and  Smith 
(168)  both  noted  no  effects  of  age,  but  Luyet  (109)  found  that  young 
spores  are  prevented  from  germinating  with  much  smaller  doses  than 
the  older  ones.  Possibly  these  differences  are  characteristic  of  the 
different  species  used. 

The  medium  in  which  the  spores  are  suspended  influences  to  a  large 
degree  the  amount  of  inhibition.  Both  the  optical  and  chemical  proper- 
ties of  the  medium  are  important.  Dillon-Weston  (32)  reported  that 
spores  of  Puccinia  graminis  tritici  are  killed  more  easily  by  ultra-violet 
from  a  quartz-mercury-vapor  lamp  when  irradiated  in  water  than  w'hen 
irradiated  dry.  This  might  be  explained  by  the  fact  that  a  larger  amount 
of  light  is  scattered  from  dry  spores,  whereas  this  effect  is  largely  elimi- 
nated when  the  irregularities  on  the  spore  surface  are  filled  with  water. 
Houghton  and  Davis  (cf.  Fairhall  and  Bates,  44)  could  not  obtain  more 
than  20  per  cent  destructive  action  of  ultra-violet  on  aqueous  suspensions 
of  Aspergillus  spores  whereas  Fairhall  and  Bates  (44)  readily  killed 
Aspergillus  spores  suspended  in  an  oil  emulsion  with  an  exposure  of 
1  min.  to  ultra-violet.  Both  of  these  investigations  were  made  with  a 
quartz-mercury-vapor   lamp.     Most   oils   fluoresce   and   the   secondary 
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light  emitted  is  usually  of  shorter  wave-length  and  consequently  has 
greater  lethal  properties.  This  might  possibly  be  an  explanation  of  the 
different  results  obtained  by  Houghton  and  Davis,  and  Fairhall  and 
Bates.  Pichler  and  Wober  (146)  working  with  Tilletia  as  well  as  Petri 
(144)  working  with  Microsphaera  reported  that  a  slightly  acid  medium 
augments  lethal  action  while  a  slightly  alkaline  medium  diminishes  it. 

Few  workers  have  taken  into  account  the  possible  effects  of  tempera- 
ture changes  during  irradiation  of  spores.  Becquerel  (4)  showed  what 
large  effects  extremes  of  temperature  may  have  when  he  exposed  Aspergil- 
lus, Sterigtnatocystis,  and  various  Mucor  spores  to  ultra-violet  radiation 
both  at  room  temperature  and  at  the  temperature  of  liquid  air.  It 
took  15  times  as  long  to  kill  at  the  temperature  of  liquid  air.  Smith  (168) 
irradiated  Fusarium  spores  with  ultra-violet  at  temperatures  ranging  from 
0°  to  50°C.  At  zero  degrees  the  survival  curves  are  sigmoid,  but  they 
rapidly  approach  the  logarithmic  type  as  the  temperature  is  increased. 
The  spores  are  somewhat  more  sensitive  at  the  higher  temperatures. 
The  average  temperature  coefficient  between  0°  and  40°C.  is  1.13,  and 
between  40°  and  50°C.  it  is  1.37.  These  coefficients  are  characteristic  of 
a  physical  or  photochemical  reaction.  The  higher  temperature  coef- 
ficient between  40°  and  50°C.  may  indicate  that  temperature  has  not 
merely  a  sensitizing  effect  but  also  a  lethal  effect  in  conjunction  with 
ultra-violet  radiation.  These  experiments  show  that  while  temperature 
has  little  effect  within  rather  narrow  limits  on  the  inhibitive  effects  of 
radiation,  extremes  of  temperature  do  play  an  important  role.  They 
also  show  that  temperature  and  radiation  cannot  be  considered  as 
separate  factors. 

It  has  already  been  mentioned  that  radiation  may  affect  the  time 
required  for  germination  and  also  the  ultimate  growth  of  the  culture. 
Buller  (19)  and  Hutchinson  and  Ashton  (79)  showed  that  radiation  may 
markedly  retard  germination,  the  amount  increasing  with  the  exposure. 
Hutchinson  and  Ashton  (79)  also  showed  that  the  cultures  from  ger- 
minated spores  may  have  a  subnormal  growth  rate  which  gradually 
approaches  the  normal.  Luyet  (111)  reported  that  when  the  lengths  of 
mycelium  developed  by  spores  of  Rhizopus  nigricans  irradiated  with 
monochromatic  light  are  plotted  against  the  exposure,  the  curve  is 
approximately  logarithmic. 

MUTATIONS    AND    SALTATIONS 

The  changes  in  fungi  which  have  been  described  thus  far  as  due  to 
the  influence  of  light  have  not  been  heritable.  They  have  been  in  no 
sense  mutations.  Stevens  (177),  however,  reported  that  under  the 
influence  of  ultra-violet  radiation  from  a  quartz  mercury  arc  Glomerella 
cingulata  produces  mutations  by  sectoring.  Dickson  (29)  exposed  cul- 
tures of  Chaetomium  cochliodes  on  malt  agar  at  a  distance  of  26  cm. 
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from  a  mercury- vapor  lamp  for  50  min.  An  average  of  13  saltants  was 
produced  for  each  100  colonies  subcultured.  Most  of  the  saltants  showed 
no  tendency  to  vary,  even  though  many  of  them  were  cultured  through 
several  generations.  There  is  no  essential  difference  between  the 
characters  exhibited  by  saltants  induced  by  X-rays  and  those  induced 
by  ultra-violet  radiation. 

PHYSIOLOGICAL    PROPERTIES 

Respiration,  Transpiration,  and  Synthetic  Processes. — There  is  still 
some  doubt  as  to  the  possible  effects  of  radiation  on  the  respiration  of 
fungi.  Detmer  (28),  Elfving  (39),  and  Lowschin  (107)  all  reported  no 
effects.  Bonnier  and  Mangin  (11),  however,  made  extensive  study  of  a 
number  of  fungi  under  controlled  temperature  conditions  and  found  that 
respiration  is  retarded  by  radiation.  This  retardation  may  have  been 
masked  in  the  earlier  work  by  the  acceleration  produced  by  a  rise  in 
temperature  when  temperature  was  not  controlled.  The  problem  is 
complicated,  however,  by  the  results  of  Surdnji  and  Vermes  (184) 
which  indicate  a  temporary  increase  in  respiration.  No  mention  is 
made  of  any  temperature  control  so  that  the  acceleration  may  again  be 
due  to  temperature.  Maximow  (118)  found  that  age  may  be  a  factor. 
He  reported  that  light  from  an  electric  lamp  exerts  no  influence  on  the 
respiration  of  young  cultures  of  Aspergillus  niger,  but  it  furthers  the 
respiration  of  older  cultures.  With  regard  to  the  effective  wave-lengths, 
Bonnier  and  Mangin  found  that  the  blue  end  of  the  sun's  spectrum  causes 
more  carbon  dioxide  to  be  released  than  the  red. 

According  to  Bonnier  and  Mangin  (11),  transpiration  is  accelerated  by 
diffuse  light  when  the  water  loss  from  a  number  of  different  fungi  was 
studied  under  constant  temperature  conditions.  The  synthetic  processes 
in  fungi  were  reported  by  Elfving  (39)  to  be  retarded  by  light,  especially 
by  blue  light. 

Fermentation. — A  number  of  investigations  have  been  made  to  deter- 
mine the  effects  of  light  on  the  fermentation  activities  of  yeast  in  the 
making  of  wine  and  beer  (36,  42,  45,  46,  47,  48,  49,  62,  63,  73,  108,  113, 
114,  115,  117,  144).  In  view  of  the  difficult  conditions  under  which 
most  of  this  work  was  done,  it  would  be  hazardous  to  discuss  it  critically. 

X-RAYS 

It  has  been  rather  conclusively  shown  that  X-rays  exert  positive 
effects  on  green  plants.  The  evidence  is  not  so  convincing  perhaps  for 
the  fungi,  but  nevertheless  there  have  been  a  number  of  clear-cut  experi- 
ments in  which  definite  effects  of  X-rays  have  been  observed. 

Some  explanation,  however,  seems  to  be  necessary  for  the  large 
number  of  negative  results  which  have  been  obtained.  In  some  cases 
perhaps  too  small  intensities  were  used.     This  is  a  possible  explanation 
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for  the  negative  results  obtained  by  Errera  (41),  Atkinson  (1),  Berde  (5), 
and  Johnson  (83).  In  the  cure  of  certain  skin  diseases  caused  by  fungi 
such  as  athlete's  foot  and  actinomycosis  it  has  been  frequently  observed 
that  X-rays  produce  a  cure  only  in  certain  individuals.  The  reasons  for 
this  difference  are  not  known  but  the  difference  may  explain  why  such 
workers  as  Lieske  (105)  and  Kleesattel  (89)  noted  no  effects  of  X-rays  on 
actinomycosis,  whereas  Melchior  (120),  Levy  (104),  Sardemann  (160), 
and  Jiingling  (85)  reported  positive  results. 

The  effects  of  X-rays  on  fungi  are  similar  in  many  respects  to  those 
which  have  been  reported  for  green  plants.  The  most  conspicuous  of 
these,  possibly,  is  lethal  action.  Fungi  are  rather  insensitive  to  X-rays, 
but  large  doses  produce  killing  effects.  Neidhart  (137)  was  among  the 
first  to  note  lethal  action  with  X-rays.  S-shaped  survival  curves  were 
obtained  by  Wyckoff  and  Luyet  (196),  Luyet  (111),  and  Glocker,  Lan- 
gendorff,  and  Reuss  (58).  Lacassagne  and  Holweck  (97)  found  that  the 
sensitivity  of  Saccharomyces  to  soft  X-rays  is  the  same  for  a  definite 
quantity  of  X-rays  regardless  of  the  time  and  intensity.  Very  little 
study  has  been  made  of  the  effects  of  different  wave-lengths.  Haskins 
and  Moore  (68),  however,  found  that  the  soft  X-rays  which  they  used 
were  2.1  times  as  effective  in  killing  Penicillium  spores  as  hard  X-rays. 
The  soft  X-rays  were  very  nearly  monochromatic  and  were  composed 
chiefly  of  wave-lengths  of  1.5  to  1.3  A,  while  the  hard  radiation  had  its 
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greatest  intensity  between  0.21  and  0.18  A.  Careful  measurements  were 
made  of  intensities.  The  lethal  action  of  X-rays  becomes  of  some 
practical  import  in  the  irradiation  of  fungi  inside  of  seeds  and  fruits. 
Pichler  and  Wober  (146)  succeeded  in  killing  Ustilago  Tritici  in  the  seeds 
of  wheat,  U.  nuda  in  the  seeds  of  barley,  and  Chrysophlydis  endobioticum 
in  potato  tubers.  They  found  that  X-rays  are  much  more  effective 
than  ultra-violet  rays  for  this  purpose  because  of  their  greater  penetrat- 
ing power. 

Various  degrees  of  injury  are  produced  by  X-rays  just  as  by  ultra- 
violet. Yeast  loses  its  ability  to  multiply  with  much  smaller  doses  than 
are  required  for  immediate  killing.  Such  doses  may  merely  retard 
division  or  they  may  cause  the  production  of  giant  cells  which  have  lots 
their  ability  to  divide.  Some  cells  may  divide  only  once  following 
irradiation.  These  various  injurious  effects  have  been  emphasized  by 
Lacassagne  (96),  Holweck  and  Lacassagne  (77),  Wyckoff  and  Luyet  (196), 
and  Holweck  (75). 

The  effects  of  small  doses  thus  far  discussed  have  been  either  negative 
or  slightly  injurious.  Lacassagne  and  Holweck  (97)  and  Wyckoff  and 
Luyet  (196)  found  no  evidence  of  stimulation  with  small  doses  of  X-rays 
on  yeasts,  but  Zeller  (197)  found  that  under  certain  circumstances  fermen- 
tation is  temporarily  increased.  Nadson  (131)  noted  that  small  doses  of 
X-rays  may  so  stimulate  the  metabolic  processes  of  the  cell  as  to  cause 
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the  cell  to  become  old  prematurely.  This  last  statement  is  in  accord  with 
evidence  obtained  from  the  higher  plants,  but  as  for  the  fungi  there  is 
some  question  as  to  whether  a  stimulation  of  total  growth  can  be  obtained 
with  X-rays. 

The  metabolic  state  of  the  cell,  its  reproductive  activity,  as  well 
as  the  composition  of  the  surrounding  medium,  all  affect  the  sensitivity 
of  the  cell  to  X-rays.  Lacassagne  and  Holweck  (97)  reported  that 
yeast  cells  in  a  quiescent  state  are  more  sensitive  to  X-rays  than  actively 
dividing  cells.  This  is  in  accord  with  the  generally  accepted  theory  that 
quiescent  cells  in  general  are  more  sensitive  to  radiation  than  cells  in 
division.  Schneider  (165)  found  that  yeast  cells  which  are  causing  active 
fermentation  in  a  sugar  solution  are  much  more  sensitive  to  X-rays  than 
those  which  are  irradiated  dry.  A  number  of  investigators  have  reported 
that  the  sensitivity  of  the  fungus  cell  is  increased  markedly  by  the 
addition  of  an  electrolyte  to  the  medium.  Schneider  (165),  Groedel 
and  Schneider  (60),  and  Zeller  (197)  have  noted  the  sensitizing  action 
of  a  number  of  different  salts.  Pichler  and  Wober  (146)  reported  that 
the  action  of  X-rays  on  spores  of  Ustilago  Tritici  and  Chrysophlyctis 
endohioticum  is  greatly  increased  if  the  spores  are  irradiated  in  an  acid 
medium,  especially  in  the  presence  of  oxygen  or  of  oxygen-yielding 
compounds.  Increased  sensitivity  produced  by  a  change  in  medium 
has  been  interpreted  as  due  to  the  production  of  harmful  ions  by  radiation 
or  as  due  to  increased  permeability  of  the  fungus  cell  as  a  result  of  irradia- 
tion. Both  of  these  factors  are  probably  involved,  but  at  the  present 
time  there  is  little  more  that  can  be  said  about  the  nature  of  the  sensitiza- 
tion. Some  salts  may  decrease  instead  of  increase  sensitization.  The 
antagonistic  action  of  potassium  chloride  to  the  aging  effects  of  X-rays 
is  exceedingly  interesting  from  both  a  theoretical  and  a  practical  point  of 
view.  It  was  observed  by  Nadson  and  Zolkevifi  (136)  that  the  harmful 
influences  of  X-rays  on  yeast  may  be  entirely  eliminated  if  0.5  to  1.5  per 
cent  potassium  chloride  is  added  to  the  substrate.  They  found  that  the 
antagonism  is  dependent  on  a  definite  ratio  between  the  amount  of 
potassium  and  the  intensity  of  X-rays.  Sodium  chloride  does  not  exert 
such  a  balancing  effect. 

Saltation  is  another  interesting  effect  produced  by  X-rays.  Nadson 
and  Philippov  (133)  and  Dickson  (29,  30)  reported  saltants  produced 
in  this  way.  The  characters  of  some  of  the  saltants  remained  constant 
through  a  number  of  succeeding  generations.  Nadson  and  Philippov 
used  Mucor  and  Dickson  used  Phycomyces  Blakesleanus  and  several 
species  of  Chaetomium.  Dickson  found  that  different  species  in  the  same 
genus  vary  markedly  in  their  ability  to  saltate  when  exposed  to  X-rays. 
He  also  reported  that  old  cultures  saltate  much  more  readily  than  younger 
ones.  Little  correlation  was  found  between  the  normal  variability  of 
the  fungus  and  its  capacity  to  produce  saltants  with  X-rays. 
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The  ability  to  form  sexual  organs  can  be  destroyed  by  X-rays,  but 
the  ability  to  form  asexual  organs  is  not  so  readily  suppressed.  Nadson 
and  Philippov  (133)  completely  suppressed  the  formation  of  zygotes  in 
Mucor  genevensis  and  Zygorhynchus  Moelleri,  but  they  could  never 
entirely  prevent  the  formation  of  sporangia. 

RAYS  EMITTED  FROM    RADIOACTIVE  SUBSTANCES 

Studies  which  have  been  made  of  the  effects  of  rays  from  radioactive 
substances  on  fungi  have  yielded  only  fragmentary  evidence.  However, 
much  of  it  is  interesting  as  a  basis  for  further  detailed  study.  There  is  no 
question  but  that  the  rays  produce  effects  on  fungi  provided  the  dose  is 
sufficiently  great.  Although  no  effects  were  noted  by  Prescott  (149), 
the  preponderance  of  evidence  indicates  marked  inhibitory  action  with 
large  doses. 

If  the  dose  is  sufficiently  great,  lethal  action  occurs.  This  was 
reported  by  Purvis  and  Warwick  (150),  Nadson  (130),  Lacassagne  (96), 
Levin  and  Levine  (103),  Miescher  (121),  Heyderdahl  (72),  and  Glocker, 
Langendorff,  and  Reuss  (58).  Heyderdahl  was  successful  in  curing 
severe  cases  of  facial  actinomycosis  with  gamma  rays  from  radium. 
According  to  Glocker,  Langendorff,  and  Reuss  lethal  action  follows  a 
typical  S-shaped  survival  curve  when  yeast  cells  are  treated  with  alpha 
rays  from  a  polonium  preparation.  The  approximate  dose  necessary  to 
kill  yeast  cells  in  beer  is  expressed  by  Lacassagne  as  one  in  which  each 
square  micron  receives  an  alpha  particle  from  polonium  once  every 
4.35  sec.  He  reported  that  the  cells  died  after  one  division.  Miescher 
found  that  a  10-  to  14-day  exposure  to  24.9  mg.  of  radium  with  a  silver 
filter  0.1  mm.  in  thickness  and  placed  at  a  distance  of  15  mm.  from  the 
culture  is  necessary  to  stop  the  growth  of  Achorion  gypseum.  Lacassagne 
and  Holweck  (97)  reported  that  the  amount  of  lethal  action  is  dependent 
on  the  total  number  of  alpha  particles  regardless  of  the  time  or  the 
intensity,  and  Holweck  (75)  calculated  that  about  20  times  as  much 
energy  is  necessary  to  prevent  the  first  as  to  prevent  the  second  division 
following  irradiation.  Nadson  (130)  observed  that  there  is  a  latent 
period  following  irradiation  during  which  no  effect  is  visible,  the  length 
of  the  period  depending  on  the  exposure.  He  found  that,  in  general, 
young  cultures  are  more  sensitive  than  older  ones,  while  Lacassagne  and 
Holweck  (97)  found  that  cells  in  a  quiescent  state  are  more  sensitive  than 
actively  dividing  cells.  Nadson  and  Zolkevic  (136)  found,  as  they  had 
for  X-rays,  that  the  harmful  action  of  the  rays  from  radium  can  be 
almost  balanced  by  the  addition  of  potassium  chloride  to  the  substrate. 
The  antagonism  is  dependent  on  a  definite  ratio  between  the  intensity  of 
radiation  and  the  concentration  of  potassium  chloride. 

Various  degrees  of  injury  similar  to  those  produced  by  other  regions 
of  the  spectrum  are  produced  with  sublethal  exposures  to  radioactive 
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substances.  Retardation  of  vegetative  growth  was  reported  by  Dauphin 
(27),  Dautwitz  (cf.  Stoklasa  and  Penkava,  181),  Fabre  (43),  Miescher 
(121),  Rivera  (158),  Johnson  (83),  and  Nadson  (130).  Rather  interesting 
morphological  changes  in  the  hyphae  have  been  observed  with  sublethal 
doses.  Nadson  (132)  reported  that  the  protoplasm  becomes  less  trans- 
parent, granulation  occurs,  many  vacuoles  appear,  and  there  is  an  increase 
in  size  of  the  cells.  Yeasts  form  cysts  which  are  not  affected  by  the  rays. 
Similar  though  less  detailed  observations  were  made  by  Dauphin  (27), 
Purvis  and  Warwick  (150),  and  Kotzareff  and  Chodat  (94). 

Kotzareff  and  Chodat  (94),  Nadson  (131),  and  Fabre  (43)  all  reported 
that  small  doses  stimulate  cell  division  at  least  temporarily.  Nadson 
considered  the  action  of  radium  as  an  aging  process  which  accelerates  the 
vital  processes  and  brings  about  a  premature  death  of  the  cell.  This  is  in 
accord  with  a  number  of  observations  made  on  green  plants.  Lacassagne 
(96)  was  unable  to  observe  any  stimulation  of  the  growth  of  yeast  cells, 
owing,  possibly,  either  to  the  doses  which  were  used  or  to  the  method  of 
measuring  stimulation. 

Sartory,  Sartory,  and  Meyer  have  published  a  series  of  papers  on  the 
effects  of  radium  on  the  fruiting  bodies  of  Aspergillus  fumigatus  and 
Mucor  spinosus.  They  reported  that  in  a  "dissociated"  medium  radia- 
tion stimulates  the  formation  of  fruiting  structures  in  A.  fumigatus 
especially  if  irradiation  is  discontinuous,  whereas  if  the  medium  is  "undis- 
sociated"  there  is  a  delay  in  the  appearance  of  normal  fruiting  bodies 
(161).  They  found  that  if  this  fungus  is  grown  on  gelatinized  carrot 
juice  (pH  4.7)  dissociated  by  sodium  chloride,  it  produces  asci  and 
ascospores  under  the  action  of  radium  (162).  They  were  also  able  to 
cause  the  production  of  sex  organs  in  M.  spinosus  on  the  same  medium 
(163). 

Ceresoli  (23),  Dautwitz  (cf.  Stoklasa  and  Penkava,  181),  Fabre  (43), 
and  Ingber  (82)  all  reported  a  retardation  or  partial  suppression  of  spore 
production  by  radiation.  Ingber  reported  in  addition  that  small  doses 
may  stimulate  spore  production. 

Retardation  or  complete  suppression  of  spore  germination  by  radiation 
wasreportedbySartory,  Sartory,  and  Meyer  (163),  Dautwitz  (cf.  Stoklasa 
and  Penkava,  181),  Fabre  (43),  Pichler  and  Wober  (146),  and  Dauphin 
(27).  Sartory,  Sartory,  and  Meyer  found  that  spores  resist  much  higher 
doses  of  radiation  if  the  medium  is  dissociated  by  thorium.  Neidhart 
(137)  reported  that  smaller  doses  of  radium  are  necessary  to  kill  the 
germinating  than  the  resting  spores  of  Sporotrichum  Beurmanni. 

Studies  have  been  made  of  the  effects  of  the  rays  emitted  by  radio- 
active substances  on  various  physiological  processes  in  fungi.     Stoklasa 

(180)  reported  that  respiration  is  increased  and  Stoklasa  and  Penkava 

(181)  later  found  tiiat  while  respiration  is  increased  by  alpha  radiation, 
it  is  decreased  by  gamma  or  by  a  mixture  of  beta  and  gamma  radiations. 
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Kotzareff  and  Chodat  (94)  reported  that  radiation  retards  fermentation 
while  Stoklasa  (180)  and  Kayser  and  Delaval  (86)  found  that  small 
amounts  stimulate  it.  Differences  in  results  are  probably  caused  by  the 
different  conditions  under  which  the  experiments  were  performed  and  the 
different  amounts  of  radiation  to  which  the  cultures  were  exposed. 
Nadson  (130)  reported  that  Cryptococcus  which  normally  does  not  pro- 
duce glycogen,  after  irradiation  forms  glycogen  and  another  carbo- 
hydrate which  stains  blue  or  violet  with  an  iodide.  Sartory,  Sartory, 
and  Meyer  (161)  found  that  in  an  "  undissociated "  medium  irradiation 
increases  the  ability  of  Aspergillus  fumigatus  to  reduce  saccharose,  while 
in  a  "dissociated  "  medium  irradiation  decreases  it.  Suguira  and  Benedict 
(183)  found  that  the  vitamins  in  yeast  can  be  partially  inactivated  by 
exposure  to  radon.  A  positive  tropism  of  the  sporangiophores  of  Phy- 
comyces  nitens  to  radium  after  15  or  more  hours'  exposure  was  reported 
by  Koernicke  (92)  and  Molisch  (123).  A  rather  unusual  phenomenon 
was  noted  by  Guyot  (64)  who  found  that  a  tube  of  radium  applied  to  a 
mycelium  which  is  normally  phosphorescent  but  whose  phosphorescence 
has  been  recently  extinguished  revives  the  luminosity.  If  the  mycelium 
is  already  luminous  and  the  radium  is  allowed  to  act  for  2  or  3  hr.,  the 
luminosity  is  gradually  destroyed. 

GENERAL  SUMMARY 

One  of  the  most  outstanding  criticisms  which  might  be  made  of 
radiation  experiments  is  that  the  results  cannot  be  easily  duplicated. 
The  wave-lengths  emitted  by  the  source,  the  intensity  of  the  source,  the 
nature  of  any  absorbing  media  interposed,  temperature,  composition  of 
the  medium,  hydrogen  ion  concentration,  age  of  the  culture,  and  inocula- 
tion technique  must  all  be  measured  in  standard  units  in  order  to  have 
results  which  may  be  easily  confirmed  by  other  workers.  Various 
experiments  have  shown  that  all  these  factors  may  affect  the  sensitivity 
of  fungi  to  radiation. 

Different  wave-lengths  have  been  obtained  by  varying  the  source 
and  by  interposing  various  absorbing  media  between  the  source  and  the 
fungus.  Often,  however,  all  the  absorbing  media  interposed  have  not 
been  considered  in  determining  the  wave-lengths  which  the  culture 
received.  Cultures  placed  behind  a  window  do  not  receive  the  same  sun- 
light as  those  placed  outside.  Water  and  solid  nutrient  media  absorb 
radiation  selectively  with  respect  to  wave-length,  so  that  not  only  the 
total  intensity  but  also  the  quality  of  the  light  may  be  altered.  Fungus 
hyphae  may  act  as  an  absorbing  screen  to  those  hyphae  growing  below 
them.  For  still  more  quantitative  considerations  of  wave-length  there 
are  multiple  reflections  from  the  fungus  mycelia  and  from  the  medium. 

It  is  quite  difficult  to  control  adequately  temperature  in  radiation 
experiments,   especially  where   the   intensities   of   radiation   are    large. 
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There  is  no  good  literature  on  the  effects  of  sudden  changes  in  temperature 
on  fungi,  and  it  may  be  that  very  sUght  sudden  changes  may  produce 
very  pronounced  results.  In  the  problem  of  temperature  not  only  infra- 
red radiation  emitted  by  the  source  but  also  light  absorbed  by  the  fungus 
and  by  the  medium  and  transformed  to  heat  must  be  considered.  This 
effect  can  be  minimized  somewhat  by  the  use  of  liquid  media  and  a  water 
bath  whose  temperature  is  regulated.  However,  in  many  instances  a 
liquid  medium  is  not  desirable  since  it  often  leads  to  a  thicker  mycelial 

mat. 

The  vigor  of  the  fungus  as  affected  by  its  age,  nutrition,  acidity,  and 
previous  light  treatment  probably  determines  very  largely  its  sensitivity 
to  radiation.  If  the  effect  of  light  on  a  fungus  in  which  there  are  no  other 
limiting  factors  is  to  be  considered,  then  preliminary  experiments  should 
be  made  to  establish  the  fact  that  other  conditions  are  favorable. 

Because  environmental  factors  have  been  so  largely  neglected  in  the 
experiments,  there  are  very  few  general  conclusions  which  may  be 
drawn.  It  has  been  well  established  that  some  fungi  will  carry  on  a 
normal  life  cycle  in  complete  darkness.  Others  need  light  for  different 
stages  in  their  development.  Most  fungi  require  light  for  the  formation 
of  large  amounts  of  pigment.  Short  wave-lengths  are  in  general  more 
harmful  to  vegetative  development  than  long  wave-lengths.  But  even 
such  generalizations  as  these  may  be  open  to  question.  It  seems  quite 
certain  that  a  great  many  phenomena  which  have  been  attributed  to  the 
action  of  light  are  due  not  to  light  alone  but  to  light  linked  with  some  other 
varying  environmental  factor. 
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INTRODUCTION 

It  is  now  more  than  ten  years  since  Alexander  Gurwitsch  (93)  first 
pubHshed  his  discovery  of  the  so-called  mitogenetic  rays.  He  reported 
in  1923  that  these  rays  are  given  up  by  some  biological  materials,  for 
example,  the  root  tips  of  onions,  in  certain  stages  of  development;  that 
they  pass  through  quartz,  not  through  glass,  that  is,  they  lie  in  the 
shorter  ultra-violet;  and  that  if  they  encounter  other  growing  tissues 
in  certain  stages  of  development,  they  produce  effects  in  these  which 
are  readily  recognizable  in  the  form  of  increased  growth  activity. 

Gurwitsch's  pubUcations  were  at  first  almost  entirely  ignored.  It 
took  several  years  before  the  scientific  world  as  a  whole  took  cognizance 
of  his  work;  and  even  now  many  of  his  critics  feel  that  he  has  yet  to 
bring  proof  of  the  existence  of  the  rays  which  he  claims  are  causally 
related  to  the  effects  produced.  This  is  in  spite  of  the  fact  that  within 
a  10-year  period  more  than  400  articles  dealing  with  the  phenomenon 
have  appeared. 

By  far  the  larger  part  of  these  publications  has  concerned  itself 
with  the  use  of  the  mitogenetic-ray  phenomena  in  studying  biological 
or  chemical  problems  and  only  a  comparatively  few  papers  have  dealt 
with  a  critical  evaluation  of  the  methods  of  detecting  the  rays  them- 
selves. It  is  quite  understandable  that  investigators  who  accept  the 
Gurwitsch  phenomenon  should  no  longer  concern  themselves  with  bring- 
ing proof  of  its  existence,  but  it  is  unfortunate  that  this  fundamental 
phase  of  the  subject  has  been  left  in  the  main  to  those  who  criticize 
adversely  his  findings. 

It  is  doubly  unfortunate  that  the  problem  has  attracted  some  workers 
who,  apparently,  see  in  the  problem  only  an  opportunity  to  deal  in  the 
spectacular.  In  some  respects  Gurwitsch,  himself,  is  to  blame  for  this. 
He  tends  very  pronouncedly  to  accept  the  work  of  investigators  whose 
data  agree  with  his  theories  and  to  reject  almost  entirely  criticism  of  a 
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contradictory  nature.  The  result  has  been  that  a  large  number  of 
scientific  workers  have  become  prejudiced  against  the  problem;  and 
the  problem  has  not  received  the  consideration  which  the  work  of  a 
man  of  Gurwatsch's  integrity  deserves. 

A  comparative  statistical  evaluation  of  all  experiments  verifying 
the  effect  and  of  those  yielding  negative  results  would  obviously  be 
unfair  because  of  the  general  disinclination  to  publish  negative  results, 
in  the  feeling  that  these  may  be  due  to  faulty  technique.  It  has  been 
stated  that  some  investigators  reporting  negative  results  have  not 
always  followed  closely  the  technique  described  by  Gurwitsch.  These 
workers  often  believe  they  have  "improved"  upon  the  original  technique, 
but  by  so  doing  they  may  have  disregarded  various  important  details. 
This,  also,  can  be  understood  easily  since  Gurwitsch  has  not  published 
a  clear-cut,  detailed  description  of  the  methods  he  has  found  most 
successful.  If  the  methods  are  such  that  each  laboratory  must  largely 
develop  its  own  procedure,  Gurwitsch  himself  should  direct  attention 
to  this  point,  but  this  he  has  not  done. 

The  study  of  the  problem  of  mitogenetic  rays  is  from  what  has  been 
said  above,  integrally  related  to  the  study  of  the  stimulative  action 
by  small  quantities  of  ultra-violet  light  acting  on  biological  materials. 
As  may  be  seen  from  allusions  in  various  papers  in  this  survey,  the 
idea  that  ultra-violet  radiation  may  stimulate  growth  activity  is  a 
point  which  is  not  well  established,  and  in  the  present  state  of  the  litera- 
ture on  the  subject  it  does  not  seem  permissible  to  be  too  definite  in 
the  matter.  This  point  is  discussed  here  only  in  so  far  as  it  is  directly 
necessary  in  order  to  understand  the  problem  of  mitogenetic  rays. 
The  demonstration  of  the  stimulative  action  of  ultra-violet  light  does 
not  necessarily  presuppose  the  existence  of  mitogenetic  rays;  but  the 
existence  of  such  a  stimulative  effect  is  necessary  for  the  understanding 
of  the  alleged  effects  of  these  rays. 

CHARACTERISTICS  OF  MITOGENETIC    RADIATION 

Before  going  into  the  methods  reported  as  successful  in  the  detection 
of  mitogenetic  rays,  it  may  be  well  to  give  a  few  of  their  characteristics. 
The  majority  of  the  investigators  report  that  the  mitogenetic  rays  are 

o 

ultra-violet  rays  of  about  X1900  to  2500  A  (48)  and  that  they  are  of 
extremely  low  intensity,  about  100  quanta/cm. -/sec.  (224).  They 
are  reported  to  be  given  up  by  meristematic  tissues  or  cells  in  a  state 
of  active  growth,  by  biological  materials  in  which  certain  chemical 
reactions  take  place,  and  by  many  chemical  reactions  in  vitro. 

The  short  ultra-violet  region  of  the  spectrum,  in  which  these  rays 
have  been  included,  is  a  difficult  region  to  utilize  experimentally.  Most 
materials  will  absorb  highly  these  wave-lengths  and  even  quartz  can 
be  used  only  if  it  is  of  very  high  purity.     In  addition  to  this,  there 
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is  the  further  complication  of  the  very  low  intensity  of  the  reported 
mitogenetic  rays — a  factor  which  increases  materially  the  difficulties 
of  the  problem.  To  these  two  factors  we  must  add  the  third  and  most 
important  one — that  of  the  proper  handling  of  the  material  which  gives 
off  the  radiation. 

Because  of  the  low  intensity  of  the  radiation,  it  is  almost  outside 
the  range  of  our  most  sensitive  physical  instruments.  As  a  matter  of 
fact,  a  special  instrument  has  been  designed,  and  with  this,  in  the  hands 
of  some  investigators,  the  detection  of  the  rays  has  been  reported. 
Those  who  have  used  this  physical  detector,  a  modified  Geiger-Miiller 
counter,  have  announced  the  detection  of  the  rays  from  relatively 
few  senders.  Thus,  it  seems  that  with  any  investigation  in  this  field 
one  must  count,  in  the  main,  on  a  biological  detection.  That  biological 
detectors  may  be  more  sensitive  than  the  most  sensitive  physical  instru- 
ments will  not  surprise  the  biologist,  who  reaHzes  that  many  biological 
materials  are  influenced  by  factors  which  are  as  yet  imperceptible  with 
our  most  sensitive  physical  and  chemical  tools. 

The  high  sensitivity  of  the  biological  indicator  makes  it  a  dangerous 
material  with  which  to  work.  Merely  to  keep  biological  materials 
in  a  perfectly  uniform  condition  presents  difficulties,  but  to  keep  the 
materials  so  that  they  may  take  the  place  of  and  improve  upon  physical 
instruments  is  a  problem  in  itself.  Such  work  requires  the  utmost 
experience  with  the  material,  carefully  devised  precautions  in  the  pro- 
cedure, and  a  painstaking  evaluation  of  replicated  results.  In  reading 
numerous  reports  in  this  field  of  work  it  has  not  always  been  apparent 
that  these  precautions  have  been  taken;  and  sometimes  only  meager 
evidence  has  been  used;  in  fact,  not  infrequently  there  is  evidence  that 
the  precautions  are  inadequate  and  the  data  meager,  yet  these  have 
supported  extensive  speculations. 

EARLY  WORK  OF  GURWITSCH  AND  OTHERS 

It  is  a  well-known  fact  that  many  living  organisms  give  up  visible 
light.  This  has  been  adequately  investigated  and  good  reviews  on 
the  subject  are  available  (Harvey,  141,  Mangold,  186).  It  does  not 
seem  improbable  that  ultra-violet  radiation  should  be  given  up  by 
living  materials,  although  it  is  somewhat  less  probable  from  the  physical 
point  of  view  (Daniels,  61).  It  was  this  probability  which  led  Gurwitsch 
in  1922  (92)  to  come  by  way  of  theoretical  considerations  to  the  conclu- 
sion that  there  are,  besides  obvious  chemical  effects,  certain  physical 
phenomena  which  have  a  deciding  influence  upon  cell  division,  the  source 
of  which  must  lie  within  the  living  material.  Gurwitsch's  (93)  search 
for  this  source  of  influence  brought  him  to  the  study  of  the  influence 
of  certain  biological  materials  in  various  stages  of  their  development; 
and  for  these  first  experiments  he  used  onion  roots.     The  method  of 


922 


BIOLOGICAL  EFFECTS  OF  RADIATION 


®--"E 


Obs> 


D'' 


3^S^ 


detecting  mitogenetic  rays  with  onion  roots  is  no  longer  used  in  his 
laboratory,  but  since  it  is  the  most  fundamental  of  his  experiments  and 
since  the  most  severe  criticism  has  been  leveled  against  it,  we  shall 
give  here  a  short  review  of  this  work. 

In  these  experiments  (for  detailed  experimental  technique  see  97,  103) 
Gurwitsch  used  roots  of  the  common  kitchen  onion.  The  roots  selected, 
about  4  to  12  cm.  long,  were  left  attached  to  the  onion  bulb,  or  a  part 
of  it.  The  details  of  the  arrangement  are  shown  in  Fig.  1.  Special 
attention  was  given  to  the  symmetry  and  straightness  of  the  roots 
selected.  Each  of  the  "detector"  roots  was  in  a  fairly  close  fitting  glass 
tube  interrupted  near  the  lower  end  so  that  the  growing  region  of  the 

root  would  be  exposed  when  the 
whole  was  introduced  into  a  metal 
tube  having  a  window  corresponding 
to  the  region  of  root  exposure.  The 
"sender"  root  was  also  placed  in  a 
glass  tube,  but  the  tip  of  the  root  was 
not  covered,  so  that  when  arranged 
horizontally  and  opposite  the  exposure 
window  of  the  "detector,"  a  definite 
root  region  might  be  acted  upon.  In 
short,  he  arranged  these  two  roots  so 

Arrangement  for  Gurwitsch's    that     the     "projected     axis"     of     the 

sender  struck  the  detector  exactly  in 

The  adjustments 
were  made  with  a  microscope  and  the 
entire  set-up  was  kept  in  position  by 
strong  clamps.  The  roots  were  kept  moist.  The  time  of  exposure 
differed  in  the  individual  experiments,  but  in  general  he  reported 
that  it  required  from  1  to  3  hr.  to  get  a  distinct  effect.  The 
detector  was  allowed  to  stand  after  exposure  for  a  certain  time,  then 
it  was  marked  and  prepared  for  sectioning.  This  short  length  of  root, 
a  few  millimeters  only,  in  the  region  selected  and  exposed,  was  cut  into 
longitudinal  sections  and  the  number  of  mitotic  figures  in  definite  stages 
to  the  right  and  left  of  the  median  line  was  counted.  The  experiment 
revealed,  according  to  Gurwitsch,  "distinct  circumscribed  preponderance 
of  mitoses  in  the  center  of  the  'induced  side'  of  the  root."  The  excess 
of  mitotic  figures  on  the  side  of  the  root  toward  the  sender  was  about 
30  to  50  per  cent  (see  Table  1).  The  results  were  not  substantially 
different  if  a  quartz  plate  was  placed  between  sender  and  detector. 

In  his  original  articles  (92  to  96,  98,  99)  defining  the  method  of  the 
mitogenetic-ray  effect,  Gurwitsch  gives  a  very  detailed  discussion  of 
the  type  of  cells  counted  as  well  as  an  estimate  of  the  exactness  of  the 
method.     But  since  there  are  several  stages  in  cell  division,  the  judgment 


Fig.   1 
onion-root  experiment.     A,  detector  root; 
B,   capillary  glass  tube;   C,   metal  tube; 
D,    sending    root;    E,    spot    marked    for    the     median    line, 
sectioning,    as  seen  in  observation  micro 
scope.      {After  Reiter  and  Gabor,  231.) 
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of  the  investigator  as  to  which  stage  he  will  accept  becomes  crucial. 
To  make  certain  that  his  counts  are  correct,  Gurwitsch  (97)  reports 
that  he  has  taken  the  following  precautions:  (a)  Each  slide  was  counted 
several  times.  (6)  Each  count  was  made  by  some  one  not  acquainted 
with  the  results  obtained  by  any  other  counter. 

The  work  on  the  onion  root  has  been  repeated  with  success  by  several 
investigators.  Reiter  and  Gabor  (229  to  231),  Siebert  (262),  Loos  (175), 
Paul  (206),  and  others.  Reiter  and  Gabor  (231)  used  a  somewhat 
modified  technique,  and  counted  all  the  mitotic  stages,  thus  obtaining 
a  larger  body  of  material  for  evaluation.  They  used  cross  sections 
instead  of  the  longitudinal  sections  of  Gurwitsch  and  they  found  the 
results  clearly  positive,  although  certain  fundamental  differences  were 
noted.  Loos  (175)  combined  the  techniques  of  Gurwitsch  with  that 
of  Reiter  and  Gabor  and  obtained  positive  results.  Paul  (206)  in  an 
extensive  investigation  reported  positive  results  also,  but  she  failed 
to  give  her  experiments  the  final  test  of  separating  the  detector  from 
the  sender  by  a  quartz  shield. 


Table  1. — Effects  on  Onion-root  Activity  of  Exposure  to  Onion  Sole  as  a 

Biological  Sender 
The  Numbers  Represent  Counts  of  Mitoses  in  Different  Sections  of  Roots 

(Gurwitsch,  97) 

A.  Sender:  freshly  prepared  pulp  of  the  medullar  plate  of  onions;  detector: 

onion  root 


Number  of  mitoses  at 


(a)  The  "induced"  side. 
(6)  The  unexposed  side. 
(c)   Difference 


51 

59 

90 

82 

61 

60 

57 

53 

72 

62 

59 

37 

49 

63 

60 

50 

51 

38 

45 

43 

57 

47 

38 

30 

2 

-4 

30 

32 

10 

22 

12 

10 

15 

15 

21 

7 

45 
30 
15 


B.  Sender:  pulp  of  medullar  plate  heated  to  60°C.,  otherwise  as  in  (A) 


(a)  The  "induced"  side. 
(6)  The  unexposed  side, 
(c)   Difference 


60 

66 

64 

61 

63 

60 

75 

81 

71 

73 

73 

65 

61 

69 

65 

62 

74 

62 

60 

73 

82 

66 

65 

74 

-1 

-3 

-1 

-1 

-13 

1 

0 

2 

-1 

5 

-4 

-3 

61 

69 

4 


C.  Sender:  pulp  kept  at  room  temperature  for  24  hr.,  preceding  exposure, 

otherwise  as  in  (A) 


(a)  The  "induced"  side. 

(b)  The  unexposed  side. 

(c)  Difference 


49 

49 

49 

43 

60 

51 

43 

53 

41 

31 

45 

51 

48 

53 

46 

43 

58 

46 

40 

49 

43 

33 

44 

44 

1 

-4 

3 

0 

2 

5 

3 

4 

-2 

-2 

1 

7 

52 

50 

2 


D.  Sender:  (B)  and  (C)  materials  mixed  and  used  at  once,  otherwise  as  in  (^) 

(a)  The  "induced"  side 

(6)  The  unexposed  side 

(c)   Difference 


43 

62 

65 

75 

70 

78 

79 

82 

61 

58 

60 

49 

45 

43 

48 

46 

56 

61 

62 

69 

57 

39 

54 

42 

-2 

19 

17 

29 

14 

17 

17 

13 

4 

19 

6 

7 

52 
40 
12 
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There  are  two  serious  objections  which  have  been  raised  to  the  onion- 
root  technique:  (a)  The  mitotic  figures  are  naturally  not  uniform  in  a 
cross  section  of  the  root,  that  is,  mitotic  figures  are  usually  more  numerous 
on  one  side  than  on  the  other,  growth  being  somewhat  rhythmically 
progressive.  (6)  It  is  possible  to  produce  changes  through  pressure, 
uneven  moistening,  and  other  factors  scarcely  controllable,  and  these 
may  in  themselves  induce  a  considerable  preponderance  of  mitotic 
figures  on  one  or  the  other  side  of  the  root. 

Objections  to  the  work  on  the  two  bases  mentioned  above  are  reported 
in  a  number  of  papers  and  extensive  experimental  evidence  is  given  to 
sustain  these  objections.  The  second  point  especially  has  been  the 
center  of  the  attack  on  the  Gurwitsch  method.  To  mention  only  a  few 
of  the  investigators  who  have  been  unable  to  repeat  Gurwitsch's  work  on 
the  onion  root,  I  should  at  least  refer  to  the  following:  Moissejewa 
(200  to  202),  Rossmann  (234),  Taylor  and  Harvey  (290),  and  Wagner 
(303).  Gurwitsch  has  not  used  the  onion  root  as  detector  now  for  several 
years  but  has  replaced  this  method  with  a  yeast  technique — a  technique 
which  appears  at  first  to  be  simpler  and  more  easily  controlled. 

YEAST  AS  DETECTORS    OF  MITOGENETIC  RADIATION 

The  yeast  method  was  first  described  by  Baron  (12)  m  Gurwitsch's 
laboratory.  It  has  been  modified  and  extended  by  many  investigators, 
although  all  of  these  use  about  the  same  general  type  of  procedure, 
varying  the  details  slightly.  Nevertheless,  no  complete  description  of 
the  technique  has  been  published  and  the  account  by  Baron  (103)  in 
Abderhalden's  "Handbuch"  is  not  up  to  date,  since  the  method  has  been 
revised  in  many  particulars. 

The  reported  advantages  of  the  yeast  method  are  that  this  organism 
is  composed  of  fairly  large  cells  easy  to  count,  that  the  method  can  be 
standardized,  and  that  pure  cultures  are  readily  maintained.  To  be 
able  to  use  any  yeast  technique  successfully  (that  is,  in  obtaining  positive 
results)  one  must  first  have  acquired,  it  is  said,  some  facility  in  handling 
this  material.  Still,  each  investigator  in  any  other  laboratory  must  work 
out  his  own  special  procedure.  There  have  been  times,  too,  when 
investigators  usually  "successful"  with  the  yeast  technique  have  reported 
unsuccessful  experiments.  However,  such  incidents  have  occurred  at 
times  when  several  or  all  workers  in  the  particular  laboratory  were  unable 
to  get  positive  results,  and  the  conclusion  was  reached  that  "something 
had  gone  wrong  with  the  yeast."  It  is  unfortunate  that  those  working 
with  the  yeast  cultures  in  this  field  have  not  emphasized  the  point  referred 
to;  the  descriptions  as  published  read  as  if  it  were  possible  to  repeat 
the  work  precisely  as  in  the  case  of  any  other  standard  experiment.  A 
more  cautious  approach  to  the  problem  should  at  least  have  been 
suggested. 
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For  all  yeast  experiments  as  conducted  by  the  Gurwitsch  school,  a 
standard  beer  wort  is  needed.  This  beer  wort  must  have  about  "18 
balling"  sugar.  If  it  has  less,  the  proper  amount  of  sugar  must  be  added, 
if  more,  the  wort  must  be  diluted.  Recently  Braunstein  and  Potozky 
(33)  have  published  a  paper  on  the  use  of  a  synthetic  medium,  but  it  has 
apparently  been  used  only  in  one  laboratory.  The  wort  as  it  is  generally 
used  is  sterilized  for  10  min.  at  2  lb.  pressure.  After  several  days  the 
flocky  precipitate  is  filtered  off  and  the  wort  poured  into  test  tubes. 

The  yeast  used  is  usually  Saccharomyces  ellipsoideus,  a  wine  type  or 
Nadsonia  yeast.  Slant  cultures  are  prepared  with  agar  containing  beer 
wort  of  6  to  10  balling  instead  of  water.  These  agar  slants  are  considered 
best  after  incubation  for  20  to  30  days  at  25°C.  These  are  the  so-called 
stock  cultures.  There  are,  in  fact,  two  entirely  different  methods  of 
using  the  yeast  as  a  detector:  (a)  The  agar  method.  (6)  The  liquid-yeast 
method.  For  the  agar  or  "solid"  culture  method  Petri  dishes  are 
prepared  with  an  even  layer  of  fairly  solid  agar.  A  finely  divided  sus- 
pension of  the  stock  culture  is  permitted  to  settle  on  the  agar  surface. 
The  supernatant  is  then  poured  off,  the  Petri  dish  is  kept  for  8  to  10  hr. 
at  16°  to  18°C.,  and  the  agar  layer  is  cut  into  small  blocks,  each  with  an 
area  of  about  1.5  cm.  and  apparently  with  a  uniform  layer  of  yeast. 
These  small  blocks  are  again  cut  so  that  one  half  is  used  for  the  detector 
and  the  other  for  the  control.  It  is  important  that  the  pieces  used  as 
"detector"  and  "control"  should  be  cut  from  neighboring  sections.  In 
setting  up  the  experiment,  the  detector  is  exposed  to  the  sender  behind 
a  thin  plate  of  quartz.  This  quartz  must  have  been  previously  tested 
for  its  transmission  of  mitogenetic  rays,  and  a  test  for  the  transmission  of 
short  ultra-violet  radiation  is  not  considered  sufficient!  After  exposure 
the  yeast  blocks  are  incubated  at  24°  to  25°C.  for  1.5  hr.  Slides  are 
prepared  by  coating  these  with  a  thin  layer  of  egg  white.  The  yeast  from 
the  block  is  distributed  in  a  drop  of  distilled  water  and  spread  over  the 
slide.  The  slide  is  then  allowed  to  dry  and  is  fixed  by  moving  it  through 
the  flame;  the  slide  is  then  stained  with  methylene  blue,  washed,  and 
dried.  All  slides  are  counted  with  3^2  oil  immersion,  the  only  considera- 
tion being  that  of  determining  the  number  of  "mother  cells"  and  of 
"buds." 

The  judging  of  whether  one  has  a  "mother"  or  a  "bud"  cell  presents 
one  of  the  most  important  and  most  difficult  steps  in  the  whole  agar- 
yeast  procedure.  All  cells  which  are  attached,  definitely  round,  and  less 
than  one-fifth  of  the  size  of  the  cells  to  which  they  are  attached  are 
counted  as  buds.  If  one  encounters  a  doubtful  case,  the  entire  field  is 
supposed  to  be  omitted.  Special  attention  must  be  paid  to  counting  cells 
from  all  parts  of  the  slide.  At  least  100  cells  should  be  counted  from 
each  slide,  and  if  the  first  group  of  500  differs  very  much  from  the  second 
in  percentage  of  buds,  another  500  should  be  counted.     The  number  of 
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buds  should  be  about  60  to  80  per  thousand  for  the  control,  and  80  to 
120  for  the  exposed  if  the  effect  is  regarded  as  positive.  Since  an  effect 
is  considered  positive  only  when  there  is  an  increase  of  over  20  per  cent 
(see  Table  2),  lower  percentages  are  regarded  as  an  indication  that 
further  experiments  are  needed.  Gurwitsch  (108)  indicates  in  his  book 
that  the  slides  are  counted  blindly;  that  is,  the  person  who  counts  the 
cells  does  not  know  whether  he  is  counting  the  slide  made  from  the 
exposed  or  from  the  control  block.  However,  from  other  publications  it 
is  not  obvious  that  this  rule  is  followed.  It  would  seem  that  one  should 
expect  those  working  on  the  bud-counting  method  to  count  all  slides 
blindly,  making  this  the  real  criterion  of  the  reliability  of  the  work. 

Table  2. — Mutoinduction  of  Yeast,  Using  Two  Agar  Blocks  with  a  Culture 
Surface  of  about  1  cm.",  at  5  mm.  Distance.     Time  of  Exposure  15 
MiN.;  Fexation  about  1  HR.  after  Exposure 
{From  Potozky,  213.)     Each  horizontal  line  represents  one  test 
induced  percentage  —  control  percentage 


Percentage  effect 


control  percentage 


X  100 


Percentage  of  buds 

Percentage 
effect 

Percentage  of  buds 

Percentage 

Induced 

Control 

Induced 

Control 

effect 

15.5 
12.8 
14.5 
13.3 
10.4 
12.7 
11.8 

11.5 
9.8 
11.1 
10.7 
8.3 
9.9 
9.7 

35 
30 
30 
25 
24 
29 
20 

12.0 
11.7 
10.1 
11.7 
10.2 
9.6 

9.8 
9.7 
8.4 
9.6 
7.0 
7.8 

23 
20 
20 
22 
45 
23 

It  is,  of  course,  obvious  that  this  method  of  counting  a  large  number  of 
yeast  cells  under  the  microscope  and  of  continuously  judging  whether 
one  has  a  yeast  bud  or  a  mother  cell  is  very  tiresome  and  tedious.  Those 
who  are  working  with  this  method  •  successfully  report  that  they  have 
had  very  uniform  results,  much  more  uniform  than  those  obtained  with 
other  methods.  In  spite  of  the  claim  just  mentioned,  very  few  publica- 
tions have  appeared  recently  in  which  this  method  was  used.  It  is 
apparently  being  replaced  by  the  liquid-yeast  method. 

The  culture  medium  for  the  liquid-yeast  method  is  prepared  in  much 
the  same  way  as  that  for  the  solid-yeast  method,  omitting  the  agar. 
To  10  cc.  of  the  sterile  beer  wort  referred  to  above  15  drops  of  a  standard 
yeast  suspension  are  added.  This  culture  is  incubated  for  16  hr.  at  25°C. 
The  yeast  suspension  should  then  be  in  a  vigorous  stage  of  fermentation, 
that  is,  there  should  be  a  constant  stream  of  rising  bubbles.  The  suspen- 
sion is  well  mixed  before  using  and  the  foam  is  permitted  to  settle.  Two 
capillary   glass   chambers,    consisting   of   glass   tubes,    1.5   mm.    inside 
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diameter,  are  filled  at  the  same  time  from  the  same  pipetteful  of  suspen- 
sion. The  one  tube  is  exposed  to  the  sender  at  a  distance  of  5  to  10  mm. 
for  5  to  10  min.;  the  other  tube  serves  as  a  control.  After  exposure 
0.3  CO.  is  removed  from  the  detector  and  0.3  cc.  from  the  control  chamber 
and  each  is  added  to  1  cc.  of  wort.  This  is  permitted  to  stand  for  4  hr. 
at  25°C.  and  then  for  12  hr.  at  21°C.  Next,  the  yeast  is  killed  with 
0.5  cc.  of  20  per  cent  sulfuric  acid,  after  which  the  preparation  is  permitted 
to  stand  for  10  min.  and  then  diluted  with  1  cc.  of  distilled  water. 

There  are  at  present  several  methods  for  determining  the  amount  of 
yeast  present  in  the  suspension.  The  simplest  way  to  determine  the 
number  of  yeast  cells  is  the  one  described  by  Potozky  and  Salkind  (213). 
Here  all  cells  are  counted  in  the  Thomas-Zeiss  blood-counting  chamber. 
Not  less  than  10  fields  are  counted,  each  with  about  130  cells.  One 
precaution  is  suggested  for  this  method,  that  is,  that  the  yeast  should 
remain  in  the  incubator  for  not  more  than  3  to  4  hr.  and  that  then 
it  should  be  killed  immediately  on  removal.  The  method  is  supposed  to 
give  uniform  results  and  to  show  a  positive  growth  stimulation  of  about  30 
per  cent.     However,  this  particular  method  is  not  generally  used. 

A  modification  of  this  method  has  been  used  occasionally  by  Baron 
(14,  241).  Here  the  number  of  mother  cells  and  the  percentage  of  buds 
are  determined  as  in  the  solid-yeast  method,  but  the  Zeiss  blood-counting 
chambers  are  employed.  This  method  gives  two  sets  of  data,  one  on  the 
increase  of  total  yeast  and  one  on  the  change  in  percentage  of  buds.  It  is 
employed  in  certain  detailed  studies  of  yeast  growth  as  influenced  by 
mitogenetic  rays. 

The  mycetocrit  method  described  by  Brainess  is  used  at  present  by 
most  investigators  who  use  yeast  as  the  detector  for  mitogenetic  rays. 
Mycetocrits  are  haematocrits  modified  so  that  they  are  prepared  without 
glass  beads.  Each  mycetocrit  has,  besides  its  number,  two  other  mark- 
ings; one  at  about  45  mm.  from  the  tip  gives  the  height  of  the  uniform 
capillary,  the  other  mark  near  the  top  indicates  the  height  to  which  1  cc. 
fills  the  mycetocrit.  The  mycetocrits  are  always  prepared  in  pairs,  that 
is,  from  the  same  piece  of  capillary  tubing,  the  capillary  mark  and  the 
1  cc.  mark  coming  to  the  same  height  in  both  tubes.  It  should  be  possible 
to  use  both  tubes  interchangeably.  The  tubes  are  tested  before  using 
with  mercury  and  should  not  differ  more  than  2  per  cent. 

The  yeast  suspension  in  the  test  tube  is  well  mixed  by  a  uniform 
standardized  procedure;  the  material  sucked  into  the  mycetocrit,  the 
lower  end  sealed  with  cement,  and  the  detector  as  well  as  the  control 
mycetocrit  centrifuged  at  the  same  time  for  10  min.  at  about  3000  r.p.m. 
In  zero  experiments,  that  is,  in  experiments  in  which  no  exposure  was 
made,  the  heights  of  the  yeast  columns  should  not  differ  more  than  5  per 
cent.  A  difference  of  more  than  20  per  cent  in  the  exposed  over  the 
control  is  looked  upon  as  a  positive  effect. 


928  BIOLOGICAL  EFFECTS  OF  RADIATION 

Another  method,  employed  with  Uquid  yeast,  involving  fewer  steps 
than  the  mycetocrit,  is  the  nephelometric  method.  The  yeast  suspension 
is  diluted  1  to  10  and  the  difference  in  scattering  and  absorption  of  the 
light  is  determined  either  by  an  automatic  method  (Frank,  75)  or  by  means 
of  a  Duboscq  colorimeter  (Klenitzky,  160).  In  the  last  method  a  calibra- 
tion curve  must  be  made  for  each  set  of  experiments,  that  is,  the  setting 
of  the  colorimeter  must  be  tested  with  the  different  dilutions  of  a  control 
experiment  and  from  these  figures  a  calibration  curve  drawn.  From  this 
curve  the  percentage  difference  can  be  determined  easily. 

Since  the  yeast  method  is  used  in  more  than  90  per  cent  of  the  work 
of  Gurwitsch's  school,  it  may  be  well  to  discuss  here  the  merits  and  dis- 
advantages of  the  different  types  of  yeast-increase  determinations.  How- 
ever, it  is  claimed  that  yeast  may  be  used  as  sender  or  detector  only  in 
the  presence  of  visible  light  (213).  A  criticism  of  this  procedure  is  made 
later,  in  view  of  the  factor  of  stray  light. 

The  yeast-bud-counting  method  from  agar  surfaces  seems  to  be  the 
least  "objective."  Taking  samples  from  the  Petri  dish  before  exposure 
and  counting  buds  and  mother  cells  by  the  thousands  are  tedious  tasks 
and  require  great  patience,  since  there  are  many  possibilities  for  errors. 
The  liquid-yeast  method  seems  to  the  reviewer  the  more  objective.  The 
use  of  the  blood-counting  chamber  is  well  established;  but  if  it  is  not 
standardized  it  may  be  a  large  source  of  error.  For  the  reason  just 
stated,  the  mycetocrit  technique  would  appear  to  add  to  the  objectivity 
of  the  liquid  method;  since  the  mycetocrit  gives  quick  results  and  thus 
permits  the  handling  of  a  large  number  of  experiments.  The  nephelo- 
metric method,  in  the  reviewer's  experience,  is  not  sufficiently  sensitive 
for  the  accurate  determination  of  an  increase  of  yeast.  At  least,  it  seems 
that  the  use  of  the  usual  type  of  colorimeter  is  not  so  exact  as  the  work 
demands. 

In  all  this  work  it  is  presupposed  that  the  yeast  growth  in  two  separate 
test  tubes  is  so  uniform  that  the  tubes  could  be  used  interchangeably 
when  not  exposed.  The  presence  of  a  mitogenetic  effect  is  determined 
by  either  an  increase  or  decrease  over  the  control.  Many  investigators 
doubt  that  conditions  can  be  maintained  so  perfectly  uniform  that 
the  growth  of  yeast  will  not  be  somewhat  influenced  thereby.  Since 
increase  and  decrease  are  accepted  as  effects,  it  would  seem  necessary 
that  all  experiments  should  be  run  in  duplicate,  at  least,  and  that  all 
controls  check  each  other.  That  this  is  being  done  is  not  indicated 
in  the  publications.  It  is  reported  by  Gurwitsch  (108)  that  each  experi- 
ment must  be  repeated  at  least  eight  times  before  it  is  accepted  as 
definite.  It  is,  however,  not  unusual  for  a  very  important  conclu- 
sion to  be  made  from  two  experiments  performed  at  different  times 
(Klenitzky,  158). 
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It  is  unfortunate  also  that  no  statistical  evaluations  of  the  yeast 
method  have  been  published  in  which  the  fundamental  data  have  been 
critically  discussed.  Experiments  performed  with  yeast  run  into  many 
thousands  and  it  is  difficult  to  understand  why  the  evaluation  of  the 
probable  error  of  the  fundamental  procedures  has  been  entirely 
neglected. 

Many  of  the  foregoing  points  have  been  brought  out  in  articles 
which  have  come  from  entirely  different  laboratories.  Attention  should 
be  called  here  to  the  articles  by  Schreiber  (254),  Rossmann  (235),  and 
Richards  and  Taylor  (233).  None  of  these  authors  was  able  to  repeat 
Gurwitsch's  work.  In  a  paper  by  Rajewsky  (226)  a  statistical  evaluation 
is  made  and  the  results  given  are  not  the  most  encouraging. 

Baron  (14)  believes  he  has  established  a  so-called  "makro-effect." 
That  is,  by  continuous  exposure  of  a  hanging-drop  culture  of  yeast 
he  reports  effects  which  are  visible  to  the  eye.  As  yet  no  other  investiga- 
tor reports  success  with  this  method.  Gesenius  (84),  after  exposing 
yeast  suspensions  to  a  mitogenetic-ray  sender,  tested  their  fermentation 
rates  with  a  Warburg  apparatus.  He  reports  that  he  obtained  con- 
sistently a  decreased  fermentation  from  the  exposed  yeast.  Gurwitsch 
(105)  explains  that  the  "decrease"  effect  is  caused  by  too  long  an  exposure 
to  the  mitogenetic-ray  sender  or  to  an  excessive  production  of  secondary 
radiation. 

BACTERIA  AS  DETECTORS  OF  MITOGENETIC   RADIATION 

Besides  yeast,  bacteria  have  been  used  extensively  as  detectors  of 
mitogenetic  rays.  Early  in  the  development  of  this  field  of  work  the  use 
of  bacteria  was  reported  by  Magrou  and  Magrou  (177,  181),  Sewertzowa 
(258),  and  Baron  (13),  later  by  Wolff  and  Ras  (306  to  308),  Acs  (1,  2), 
and  Ferguson  and  Rahn  (71).  This  method  has  been  developed  espe- 
cially by  Wolff  and  Ras  to  such  a  degree  that  they  report  what  are 
apparently  uniform  results. 

Wolff  and  Ras  (309)  give  the  following  as  worthy  of  consideration, 
or  conditions  to  be  complied  with,  if  correct  results  are  to  be  expected: 
A  type  of  bacteria  standardized  for  the  purpose  (Staphylococcus  aureus 
is  now  used  almost  exclusively  by  Wolff  and  Ras);  standard  bacterial 
concentrations  at  the  beginning  of  the  experiments  (about  400,000  to 
600,000  per  cc.) ;  age  of  culture  from  which  the  transfer  is  made;  tempera- 
ture at  which  the  bacteria  are  maintained.  Bacteria,  like  yeasts,  can 
be  used  effectively  as  detectors  only  at  the  time  just  preceding  their 
maximum  growth  rate,  that  is,  they  should  be  used  during  the  late 
"lag"  phase.  The  sample  of  bacterial  suspensions,  2.5  mm.^,  is  removed 
to  a  culture  medium;  after  exposure  this  is  incubated  and  the  number 
of  bacteria  determined   from  the  colonies  in   agar-plate  cultures,    or, 
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after  exposure,  the  bacteria  are  plated  in  Wright  cells.  The  method  of 
Wolff  and  Ras  appears  at  first  sight  very  simple,  but  if  we  consider 
that  the  method  involves  the  removal  and  handling  of  only  2.5  mm.'  of 
suspension,  it  would  seem,  at  least,  that  extensive  experience  would 
be  necessary  to  handle  these  small  quantities,  so  that  each  2.5  mm.'  should 
contain  the  standard  number  of  bacteria.  The  difficulty  of  handling 
such  small  quantities  of  material  is  probably  the  reason  why  this  method 
has  not  become  more  popular. 

BIOLOGICAL  MATERLALS  AND   EXPERIMENTAL  CONDITIONS 

Besides  yeast,  bacteria,  and  onion-root  tips,  a  number  of  other 
detectors  have  been  used.  There  is  a  group  of  articles  (77,  81,  182  to  184) 
describing  the  use  of  sea-urchin  eggs  as  indicators  of  the  production  of 
mitogenetic  rays.  Apparently  good  effects  have  been  obtained,  but 
since  sea-urchin  eggs  are  not  available  the  year  round  and  since  the 
laboratories  where  sea-urchin  eggs  can  be  had  are  few,  this  method  has 
not  been  used  extensively.  Positive  results  have  also  been  reported 
with  fungus  spores  (248),  speed  of  enzymatic  reactions  (190),  and  the 
increase  in  number  of  mitotic  figures  in  certain  tissues  of  the  eye 
of  rabbits  (exposed  contrasted  with  nonexposed)  (117). 

In  1930  Stempell  published  several  articles  (275  to  286)  on  the 
detection  of  mitogenetic  rays  by  their  effect  on  the  formation  of  Liesegang 
rings  in  gelatin,  etc.  He  obtained  the  effect  through  cellophane.  That 
the  action  on  the  rings  was  mainly  a  chemical  one,  caused  by  the  vapors 
given  up  by  the  supposed  mitogenetic-ray  sender  was  shown  by  Tokin 
(291),  Siebert  (265),  and  others.  Later  Stempell  and  Romberg  (279) 
reported  this  fact  themselves.  However,  in  an  extensive  publication 
the  same  authors  (283)  give  some  experiments  as  a  result  of  which 
they  believe  that  they  have  obtained  some  effects  through  quartz.  The 
use  of  Liesegang  rings  as  a  detector  has  not  since  been  reported. 

In  all  the  work  with  biological  detectors  certain  very  definite  features 
should  be  emphasized.  All  the  biological  materials,  especially  the 
microorganisms,  should  be  used  as  detectors  when  not  in  a  state  of  most 
rapid  multiplication.  It  has  been  indicated  previously  that  the  yeast 
should  be  in  the  "lag"  stage  (cf.  Tuthill  and  Rahn,  292).  The  view 
held  is  that  when  in  a  rapid  state  of  development  no  additional  growth 
can  be  expected  with  the  food  materials  available.  Moreover,  all 
conditions  should  be  as  standardized  as  possible.  The  dilution  of  the 
organism  in  suspension  and  the  type  of  nutrient  solution  should  be 
adjusted  to  the  special  strain  one  uses. 

Certain  questions  are  suggested.  Are  the  detectors  quantitative 
indicators?  Do  they  show  great  response  to  increased  intensity?  In 
both  cases  the  answer  is  in  the  negative.  They  will  respond  within 
certain  limits,  that  is,  they  may  respond  quicker  to  a  so-called  intense 
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sender;  but  this  point  has  not  been  worked  out  in  detail.  This  brings 
us  to  the  time  of  exposure.  The  time  period  must  be  determined  for 
each  organism,  set-up,  sender,  etc.,  separately.  The  time  apparently 
is  very  important,  since  an  exposure  which  is  too  long  may  give  negative 
effects.  Apparently  the  detectors  have  several  maxima  of  response  (289). 
For  this  reason  it  is  advisable  to  repeat  each  experiment  several  times 
at  different  lengths  of  exposure  since  even  the  same  detector  does  not 
always  respond  to  the  same  time  of  exposure.  A  detailed  discussion 
of  the  variation  in  response  is  given  by  Salkind  (241).  However,  the 
point  of  "mitogenetic  depression"  is  not  clear.  Gurwitsch  (108)  in 
his  book  (p.  13)  reports  that  the  mitogenetic  effect  with  the  same  detector 
should  always  give  the  same  effect,  that  is,  always  an  increase  or  always 
a  decrease — all  positive  or  all  negative  effects.  Workers  in  this  field 
report,  especially  with  the  liquid-yeast  technique,  that  plus  and  minus 
effects  can  appear  side  by  side  (Karpas,  174).  In  the  work  on  bacteria 
positive  results  reported  are  always  plus  effects.  Salkind  (241)  dis- 
tinguishes different  types  of  mitogenetic  depression,  where  he  counted 
both  the  change  in  percentage  of  buds  and  the  increase  in  the  total 
number  of  yeast  cells.  He  calls  the  increase  in  the  amount  of  budding 
"stimulation";  an  increase  in  budding  and  in  the  number  of  mother  cells 
is  also  "stimulation";  a  decrease  in  budding  and  an  increase  in  the  total 
number  of  cells  is  "stimulated  depression";  while  a  decrease  in  budding 
and  a  decrease  in  total  cells  is  "true  depression." 

Gurwitsch  reports  that  it  is  easier  to  modify  the  time  of  exposure, 
and  to  diminish  the  total  time  of  exposure  by  interrupting  the  exposure 
systematically  by  employing  a  rotating  disk  which  has  several  cut-outs. 
It  is  thought  that  with  a  number  of  interrupted  exposures  the  time 
element  can  be  more  conveniently  arranged.  Investigators  working 
on  detectors  other  than  yeast  have  not  reported  very  great  success 
with  interrupted  exposures,  and  in  general  the  work  done  is  insufficient 
to  justify  detailed  discussion  at  this  time. 

It  is  known  that  chemical  vapors  may  have  a  pronounced  influence 
on  biological  materials,  either  depressing  or  stimulating  effects,  and 
all  precautions  against  any  possible  influence  of  this  type  should  be 
taken.  Exposures  should  be  made  only  through  quartz  with  high 
transmission  for  the  short  ultra-violet  radiation.  Moreover,  a  piece 
of  quartz  between  sender  and  detector  is  not  sufficient;  if  possible,  the 
detector  should  be  closed  vapor-tight  from  the  sender  in  a  container 
with  a  quartz  window  (see  Fig.  2).  Have  these  precautions  always 
been  taken?     It  would  perhaps  be  unfair  to  generalize. 

But  there  are  articles — too  many  to  be  ignored — in  which  mention 
is  made  of  the  use  of  quartz  between  sender  and  detector  in  at  least 
one  trial  experiment,  the  remainder  of  the  work  being  done  wholly 
without  this  precaution.     No  difference  in  effects  was  reported;  so  it  is 
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unfair  to  generalize  from  these  partial  tests,  especially  when  such  work 
as  has  been  done  with  the  spectrograph  would  apparently  exclude  any 
possible  chemical  effects.  Those  who  report  favorably  on  mitogenetic 
rays  should  evaluate  critically  not  only  the  papers  reporting  "no  effects" 
but  also  papers  which  report  "positive  effects."  In  this  way  good 
service  would  be  rendered  by  the  elimination  of  much  material  that 
adds  only  to  the  confusion  of  this  very  difficult  problem. 

It  is  known  that  the  media  (agar,  etc.)  in  which  yeast  and  bacteria 
grow  will  absorb  highly  below  X3000  A  and  that  it  will  not  transmit 

1    per    cent    of    light    below 
^  X2500    A,    the    presupposed 

upper  wave-length  limit  of 
mitogenetic  rays.  How  is  it 
possible  that  an  effect  of  the 
order  of  magnitude  of  100 
quanta/cm. ^/sec.  can  be  rec- 
ognized in  1  to  2  cm.  depth 
in    the    detector    suspension. 
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Fig.  2. — Three  arrangements  for  gastight  isola-  i    o  /->  -a.       u 

tion  of  mitogenetic  sources,      (o)  Incubator  chamber  f  Or      example  .'  Gurwitsch 

with  quartz  window  (a/^er  Baron)/  (b)  chamber  with  nQg     122     127)  explains    this 

quartz    window:    I,    quartz   plate;   II,   tumor;   III,  '^         '  '         n  i    u  j 

detector;  IV,  control;  (c)  chamber  (a/<er5iac;ier):o,  by    the    SO-Callcd       Secondary 

quartz   plate;  h,  radiating  material;  c,   cement;  d,  radiation."  In    fact      an 

stopper;  e,  detector;/,  control.      (GurmfscA,  108.)  ,.  ,,        .  '     ,. 

understanding  oi  mitogenetic 
radiation  is  not  now  possible  without  an  understanding  of  what  is 
here  meant  by  secondary  radiation.  There  are  several  explanations 
suggested  for  this  phenomenon,  such  as  the  following :  (o)  the  incoming 
radiation  may  activate  an  enzyme  which  will  increase  this  small 
stimulus  and  will  finally  produce  a  recognizable  effect;  (b)  a  chain 
reaction  may  be  set  up  since  often  only  relatively  small  amounts  of 
energy  are  necessary  to  get  a  chain  reaction  started.  This  might 
very  well  take  place  in  the  form  of  a  modified  explosion.  Wolff 
and  Ras  (309)  have  investigated  secondary  radiation  more  in  detail. 
They  placed  between  the  sender  and  detector  a  tube  with  quartz 
windows  10  cm.  long.  This  tube  contained  such  as  (a)  dilute 
bacterial  suspensions,  (6)  suspensions  from  which  the  bacteria  had 
been  removed  by  centrifugation,  and  (c)  suspensions  of  nucleic  acid. 
The  radiation  leaving  these  intervening  materials  is,  if  the  suspensions 
are  diluted  enough,  more  intense  than  the  radiation  entering  them, 
although  the  materials  cannot  be  used  as  secondary  senders  indefinitely. 
However,  they  recover  if  not  used  for  a  certain  period  of  time.  In  spite 
of  these  explanations  it  is  difficult  to  accept  all  these  findings  without 
question.  If  they  are  correct,  an  entirely  new  field  of  investigation  is 
opened.  But  before  accepting  these  findings,  very  much  more  quantita- 
tive work  must  be  done  by  way  of  confirmation  and  extension  of  present 
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data.  It  would  be  important,  particularly,  to  see  confirmatory  work 
from  different  laboratories. 

PHYSICAL  METHODS 

It  is  often  thought  that  a  phenomenon  exists  only  if  it  is  possible 
to  detect  it  with  some  purely  physical  tool.  But  biologists  have  often 
discovered  and  proved  the  existence  of  a  new  phenomenon  long  before 
physical  tools  were  developed  for  its  detection.  Many  examples  from 
the  history  of  science  could  be  brought  forward  to  demonstrate  this 
point,  and  it  still  remains  true  that  even  if  physical  detectors  do  fail, 
one  may  be  able  to  rely  on  biological  methods,  that  is,  if  they  are  handled 
properly,  and  if  sufficient  statistical  material  is  available  to  evaluate 
the  results  beyond  doubt.  Of  course,  it  is  highly  important  to  have  a 
simple  physical  method  of  measuring  mitogenetic  radiation,  assuming 
its  demonstration,  and  for  this  reason  many  attempts  have  been  made 
to  develop  the  necessary  apparatus — some  allegedly  successful. 

Photographing  the  radiation  given  up  by  the  sender  would  suggest 
itself  at  once.  Most  of  those  who  have  tried  this  have  not  had  success. 
However,  some  investigators  report  positive  results.  The  photographic 
plate  is  unpromising  as  a  detector  of  such  weak  radiation  for  several 

o 

reasons:  the  sensitivity  of  the  plate  decreases  rapidly  below  X2500  A, 
and  even  specially  sensitized  plates  and  Schumann  plates  are  at  best 
less  sensitive  than  our  fastest  plates  in  the  visible.  For  very  small 
quantities  of  light  the  reciprocity  law  apparently  does  not  hold,  that  is, 
it  is  not  possible  to  irradiate  a  plate  for  a  very  long  time  with  extremely 
small  quantities  of  light  and  obtain  the  same  result  as  would  be  obtained 
by  giving  the  total  energy  at  one  time.  The  amount  of  energy  neces- 
sary to  obtain  a  recognizable  impression  on  the  photographic  plate 
is  very  much  higher  (about  10~^  erg/cm. ^/sec.)  than  is  supposed  to  be 
at  the  disposal  of  the  investigator  working  with  mitogenetic  radiation 
(10~^  erg/cm. ^/sec). 

Reiter  and  Gabor  (231)  report  a  few  experiments  with  the  photo- 
graphic plate  which  seem  to  be  successful,  but  they  themselves  are  not 
much  convinced  of  their  results.  A  number  of  other  investigators  report 
positive  effects  with  the  photographic  plate:  Brunetti  and  Maxia  (37), 
Cech  (47),  Protti  (219),  Copisarow  (55,  56).  In  all  of  these  cases  the 
work  is  not  explainable  on  this  basis  and  it  may  be  assumed  that  these 
results  must  have  been  influenced  either  by  chemical  effects  or  by  some 
other  factors  which  had  nothing  to  do  with  mitogenetic  rays. 

In  1930  Rajewsky  (223)  published  the  details  of  the  construction  of  an 
apparatus  with  which  he  reported  he  was  able  to  detect  as  little  as 
10-^2  erg/cm. Vsec.  Shortly  afterward  (224)  he  reported  that  he  had 
obtained  with  this  apparatus  objective  records  of  the  existence  of  mito- 
genetic rays.     He  used  a  modified  Geiger-Miiller  counter,  an  apparatus 
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which  is  being  used  for  the  measuring  of  weak  corpuscular  radiation, 
alpha  and  beta  rays,  and  very  extensively  in  work  with  cosmic  radiation. 
The  counter  (Fig.  3)  consists  of  a  metal  tube  which  serves  as  cathode; 
through  this  tube  a  special  wire  is  stretched  which  is  held  in  position  by 
means  of  rubber  stoppers.  This  wire  is  connected  with  a  high  resistance 
through  an  electrometer  with  the  ground.  The  cathode  is  connected  to  a 
set  of  batteries  (about  1000  volts)  and  grounded  through  a  resistance. 
The  tube  is  filled  either  with  air  or  some  other  inert  gas  at  reduced  pres- 
sure. The  setup  is  balanced  so  that  only  ionization  of  the  gas  in  the 
tube  will  permit  a  discharge  to  take  place.  Radioactive  material  in  the 
laboratory,  or  cosmic  radiation  will  cause  a  certain  number  of  discharges 
f^^  to  take  place.     Rajewsky  covered  the 

wall  with  a  photoactive  material, 
cadmium,  since  it  is  photoactive  in 
the  short  ultra-violet,  and  equipped 
the  tube  with  a  quartz  window.  The 
cell  when  protected  with  a  heavy 
iron  jacket  gave  about  30  discharges 
per  min.  as  recorded  by  visual  obser- 
vation or  by  means  of  a  mechanical 
5^^  7^.    recording   device.     When   he   placed 

Fig.  3. — Diagram    of    Geiger-MuUer  some  of  the  mitogenetic  senders  before 

counter.     A,    counting   chamber;    B,    in-    ,-,  .     ^  r    j.u  j.         au      j* 

sulating     stopper;      AB,     batteries;     E,    ^he    wmdow    of    the    COUnter,   the  dlS- 

electrometer;     R,     resistance;    D,     anode    charges   increased    about  30  per  Cent. 

wire.        fter    ajewa  y,       .)  jj^  ^^^^  observations  with  the  sender 

for  10  to  12  min.,  and  then  for  10  to  12  min.  without  the  sender, 
or  with  a  sheet  of  glass  placed  between  sender  and  cell.  Repeating 
this  for  several  hours  he  obtained  results  that  are  very  interesting,  A 
typical  set  of  records  is  given  in  Table  3. 

Rajewsky  was  not  able  to  obtain  any  effect  from  yeast,  the  most 
generally  used  of  all  the  senders.  Up  to  the  present  Rajewsky  has  not 
published  any  statistical  evaluation  of  his  results.  The  work  of  Rajewsky 
was  quickly  followed  by  that  of  Frank  and  Rodionow  (79) ;  the  latter  work- 
ing with  the  same  type  of  setup  were  able  to  verify  the  work  of  Rajewsky. 
Frank's  results  were  very  striking.  However,  the  work  could  not  be 
repeated  at  will,  since  the  cathode  quickly  declined  in  its  ability  to  emit 
photoelectrons,  and  for  every  experiment  they  were  forced  to  prepare  a 
new  counter.  Thus  the  work  was  very  tedious  and  was  robbed  somewhat 
of  its  reliability.  Frank  and  Rodionow  found  that  the  emission  was  very 
much  increased  by  the  presence  of  visible  light  at  the  sender,  but  they 
were  careful  to  keep  the  visible  light  from  the  counter  by  means  of  a 
spectrograph  and  used  only  the  ultra-violet  part  of  the  spectrum. 

Siebert  and  Seflfert  (269)  report  in  a  short  notice  that  they  have  been 
able  to  construct  a  set  of  two  modified  counters  which  have  exactly  the 
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Table  3. — Results  with  the  Modified  Geiger  Counter 

{After  Rajewsky,  224) 

1.  Sender:  onion   root.     Subjective  counting  with  electrometer  and  loud-speaker. 
Counting  time,  5  min. 


Registrations  per  minute 

Percentage 

Without  root 

With  root 

increase 

42  ±  1 

51+7 

21 

2.  Sender:  onion  plate  pulp.     Automatic  registration.      Counting  time,  10  min. 


Registrations  per  minute 

Percentage 

Without  pulp 

With  pulp 

increase 

42 . 2  +   1.2 
39.8  +  0.3 

50      +1.5 
49.3  +  2.2 

21 
24 

3.  Sender:  mouse  carcinoma.     Automatic  registration.      Counting  time,  10  min. 


Registrations  per  minute 

Percentage 

Without  carcinoma 

With  carcinoma 

increase 

23.4  ±  0.6 

30.3  +  0.5 

29.5 

4.  Sender:  onion  sole  as  in  Gurwitsch's  fundamental  experiment.     Automatic  regis- 
tration.    Counting  time,  9  min. 


Registrations  per  minute 

Percentage 
increase 

Registrations  per  minute 

Without  root 

With  root 
and  bulb 

With  root, 
through  glass 

With  root 
segment 

33  3  +   1.4 

36.7  ±  0.5 

17 

30.7  ±  0.1 

30  9 

same  sensitivity.  They  placed  the  sender  before  one  cell  and  the  dif- 
ference in  the  number  of  discharges  between  the  two  tubes  indicates  the 
intensity  of  the  radiation  given  up  by  the  sender. 

In  a  lecture  on  the  problem  of  mitogenetic  rays,  Gerlach  (83)  reported 
the  successful  use  of  these  modified  Geiger  counters  in  the  detection  of 
mitogenetic  radiation  given  up  by  blood.  Unfortunately  no  details 
concerning  this  work  have  as  yet  been  published.  Petri  (241,  242) 
published  a  simplified  setup,  the  cell  of  which  is  so  constructed  that  the 
electrometer  was  combined  with  a  photoelectric  cell.  The  leaves  of 
the  electrometer  were  charged  and  the  speed  of  discharge  was  tested  with 
and  without  sender.     The  sensitivity  reported  for  this  instrument  is  not 
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great  enough  to  detect  the  intensity  of  radiation  said  to  characterize  the 
mitogenetic  sender.     In  spite  of  this,  positive  results  are  reported. 

Schreiber  and  Friedrich  (252)  pubUshed  at  about  the  same  time  as 
Rajewsky  an  apparently  thorough  investigation  with  a  modified  counter, 
the  sensitivity  of  which  is  reported  to  be  not  so  great  as  that  of  the  one  of 
Rajewsky.     They  report  entirely  negative  results. 

Seyfert  (261),  working  in  Geiger's  laboratory,  constructed  the 
Geiger  counter  as  modified  by  Rajewsky,  and  he  reports  a  sensitivity  of 
10  quanta/cm. Vsec;  furthermore,  in  what  appears  to  be  a  thorough 
investigation  he  obtained  entirely  negative  results. 

Lorentz  (176)  in  this  country  reports  work  on  the  same  type  of  counter 
with  a  reported  sensitivity  of  10  quanta/cm. ^/sec.  A  number  of  mate- 
rials which  had  been  reported  to  be  senders  gave  no  effects  on  his  counter. 
Grey  and  Ouellet  (90)  using  a  high  sensitivity  counter  report  entirely 
negative  results  with  sea-urchin  eggs  as  sender,  in  spite  of  the  fact  that 
these  have  been  reported  to  be  unusually  good  emitters  of  mitogenetic 
rays. 

It  is  very  difficult  to  decide  upon  the  question  of  the  use  of  the 
modified  Geiger  counter  for  the  detection  of  mitogenetic  rays,  since  both 
positive  and  negative  results  have  come  from  laboratories  with  well- 
established  reputations  for  good  work.  Further  work  must  be  awaited. 
Especially  is  it  important  that  a  thorough  statistical  evaluation  be  made 
of  the  work  alleging  positive  results.  Certainly  it  is  necessary  to  find 
out  whether  all  precautions  against  temperature  changes,  spurious  elec- 
trical effects,  adsorption  phenomena,  etc.,  have  been  taken.  If  we  are  to 
work  with  an  instrument  of  a  sensitivity  of  10  quanta/cm. ^/sec,  cus- 
tomary precautions  are  far  from  being  sufficient.  It  is  not  clear  to  the 
reviewer  that  the  sensitivity  of  these  counters,  which  have  been  deter- 
mined by  classical  methods — methods  which  until  now  have  been  used 
only  when  millions  of  quanta  were  available — will  apply  also  when  10  to 
100  quanta/cm. 2/sec.  are  at  our  disposal.  A  more  detailed  discussion  of 
this  point  will  be  given  in  another  article. 

If  we  ignore  the  work  where  the  results  have  been  negative  and 
accept  the  modified  Geiger  counter  as  an  established  instrument,  we  are 
apt  to  wonder  why,  during  the  four  years  that  this  instrument  has  been 
reported  to  be  used  successfully,  no  actual  new  work  with  the  counter  as 
detector  has  appeared.  Only  such  work  as  has  been  reported  to  be 
successful  with  the  biological  detectors  has  been  checked  with  the  Geiger 
counter  and  this  only  in  a  relatively  small  number  of  cases.  One  of  the 
senders  most  frequently  used— yeast — has  never  recorded  radiation  on 
the  counter. 

PHYSICAL  PROPERTIES 

The  physical  properties  of  mitogenetic  rays  are  said  to  be,  so  far  as 
studied,  the  same  as  those  of  any  other  ultra-violet  radiation.     The  light 
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is  reflected,  refracted,  etc.  These  different  features  of  this  radiation  are 
especially  well  brought  out  by  the  work  of  Reiter  and  Gabor  (231). 
But  it  is  somewhat  difficult  to  understand  these  striking  results  if  we 
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Fig.  4. — Graphic  demonstration  of  the  results  using  yeast  as  detector  and  mono- 
chromatic light  as  sender.  Outlined  circles  designate  positive  effects;  half-blocked  circles, 
doubtful  cases;  blocked  circles,  zero  effects.  The  ordinates  express  the  intensities  in 
arbitrary  units;  the  abscissas,  wave-lengths  in  millimicrons.  {After  Chariton,  Frank,  and 
Kannegiesser,  48.) 

accept  the  statement  of  Gurwitsch  (HI)  that  the  effect  is  not  localized 
on  the  detector  and  that  it  spreads  several  millimeters  and  then  fades 
slowly.  The  wave-length  determined  by  Reiter  and  Gabor  is  around 
X3400  A,  a  much  higher  value 
than  the  estimates  which 
appear  in  the  majority  of 
published  papers,  where  the 
wave-length  is  represented  as 

o 

below  2500  A.  An  especially 
extended  investigation  was 
made  by  Chariton,  Frank,  and 
Kannegiesser  (48)  (Fig.  4).  It 
is  not  possible  to  bring  Reiter 
and  Gabor's  estimate  of  X3400 

o 

A  into  any  direct  relation  with 

the   X1950   to   2500   A   of   the 

Gurwitsch  school.     It  may  well  be  that  Reiter  and  Gabor  had  an  entirely 

different  effect. 

Does  artificial  radiation  of  the  proper  w^ave-length  produce  the  same 
effect?  Frank  (76),  Reiter  and  Gabor  (232),  and  Ruyssen  (238)  report 
that  this  seems  to  be  a  fact.  However,  the  energy  necessary  to  produce 
these  effects  from  an  artificial  light  source  is  of  an  entirely  different  order 


lY 

Fig.  5. — Arrangement  for  spectral  analysis  of 
mitogenetic  radiation.  I,  source  of  radiation,  in 
chamber  with  quartz  window;  II,  rotating  disk; 
III,  entrance  slit  of  spectrograph;  IV,  agar  blocks 
with  surface  layer  of  yeast — blocks  separated  from 
each  other  by  celluloid  strips.  (After  Gurwitsch, 
108.)  Newer  experimental  arrangements  have  a 
very  well  adjusted  exit  slit. 
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FiQ.  6. — Mitogenetic  spectra.  1.  Reduction  of  Cu"  to  Cu  (electrochem.)  (33). 
2  Reduction  of  Zn"  to  Zn  (electrochem.)  (33).  3.  Reduction  of  Hg"  to  Hg  (electro- 
chem.) (33).  4.  Reaction,  HCl  +  Zn.  HCi  +  Cu.  HCl  +  Mg,  HCl  +  Al  (33).  5a. 
Reduction  of  Oz-^O"  (OH)  (electrochem.)  (33).  56.  H ->  Hj  (electrochem.) 
(33).  6.  Redox  reaction.  Fe2(S04)3  +  FeSOi  (electrochem.)  (33).  7.  Reaction. 
KiCraO:  +  FeSO*  (212).  8.  Reaction.  FeCU  +  NHjOH.HCI  (212).  9.  Reaction. 
KMnO«  +  H2O2  (212).  10.  Reaction.  HgCIj  +  SnCh  (212).  11.  Reaction,  HNO3  + 
FeS04(-|-H2S04)  (212).  12.  Reaction.  KCIO3  +  Zn  +  NaOH  (212).  13.  Reaction. 
Pt  +  H2OJ  (212).  14.  Reaction,  KOH  +  pyrogallol  (120).  15.  Reaction,  NaOH  -\-  HCl 
(212).  16.  Photosynthesis  (212).  17.  Glycolysis,  spectrum  from  blood  radiation  (also 
obtained  from  corneal  epithelium)  (152).  18.  Phosphatase  (action  on  phosphates)  (126). 
19.  Breaking  down  of  creatin  phosphatase  (34).  20.  Protein  digestion  (18).  21.  Reaction, 
amylase  with  maltose  (160).  22.  Reaction,  cane  sugar  with  yeast  saccharase  (160). 
23.  Reaction,  urea  with  urease  (160).  24.  From  resting  nerve  (151).  25.  From  nerve 
pulp  (151).  26.  Nerve  mechanically  stimulated  (at  point  of  stimulation)  (151).  27. 
Nerve  electrically  stimulated  between  electrodes  (151).  28.  Nerve,  traumatic  stimulus 
about  20  mm.  from  the  trauma  (151).  29.  Nerve,  electric  stimulus  20  mm.  from  electrodes 
(151).  30.  Nerve,  conduction  of  stimulus  (20  min.)  (111).  31.  Small  brain  (HI).  32. 
Large  brain  (111).      33.  Optic  nerve  (111).      {Collected  and  supplied  by  Gurwitach.) 


THE  PROBLEM  OF  MITOGENETIC  RAYS 


939 


of  magnitude  from  that  which  is  thought  to  be  given  off  by  the  biological 
sender.  Against  these  reports  stand  the  pubhcations  of  Schreiber  (251) 
and  others  who  have  not  been  able  to  obtain  stimulation  by  artificial 
light.  Since  the  general  field  of  stimulation  as  such  is  still  in  a  very 
confused  state,  it  may  be  that  a  new  approach  to  the  problem  of  stimula- 
tion will  be  made  possible  if  the  mitogenetic-ray  work  should  prove 
correct. 

The  detector  not  only  responds  to  certain  wave-lengths,  but  each 
biological  sender  is  reported  to  have  its  own  definite  spectrum,  that  is, 
the  radiation  given  up  by  each  sender  has  very  definite  wave-lengths. 
The  sender  is  placed  about  3  to  5  cm.  in  front  of  the  slit  of  a  medium 
quartz  spectrograph  (Fig.  5).  The  place  of  the  photographic  plate  is 
taken  either  by  small  yeast-agar  blocks,  or  by  a  set  of  tubes  of  liquid 
yeast  or  bacterial  suspension.  The  blocks  or  tubes  are  so  arranged  that 
each  will  be  exposed  to  a  definite  band  of  the  spectrum.  It  has  been 
reported  that  it  is  possible  to  separate  in  a  medium-size  quartz  spectro- 

o  

graph  bands  as  small  as  10  A  units.  The  materials  were  exposed  for 
about  2  min.,  the  detectors  treated  in  the  standard  way,  and  the  percent- 
age increase  determined  as  usual.  A  table  of  typical  results  (see  Table  4) 
is  given.  Typical  sets  of  spectra  obtained  by  this  method  are  given  in 
Fig.  6. 

Before  going  into  the  biological  phenomenon  or  reaction  of  the  senders 
themselves,  a  few  words  are  in  place  concerning  the  spectral  technique. 
In  spectrographic  work  certain  precautions  must  be  taken,  such  as  the 
adjusting  of  the  spectrograph,  optical  adjustments,  and  others.  It 
is  not  possible  to  get  uniform  results  without  adjusting  the  sht  carefully; 
in  fact,  in  order  to  obtain  10  A  bands  without  overlapping,  a  fairly  narrow 
slit  must  be  used.  It  is  not  obvious  that  sufficient  precautions  have 
been  taken  to  insure  a  good  optical  setup  with  the  work  reported  from 
laboratories  working  on  this  problem.     This  brings  us  back  again  to  the 


Table  4. — Spectral  Table  of  Emission  from  Rabbit's  Eye 
Using  yeast  instead  of  photographic  plate  as  detector,  with  two  time  intervals  and 
expressing  results  as  percentage  effects,  plus  or  minus  in  comparison  with 
controls  (second  and  third  columns)  {Gurwitsch,  108; 


Spectral  region 

Time  of  exposure 

in  A  units 

5  min. 

1  min. 

1900-1940 
1940-2000 
2000-2080 
2080-2160 
2160-2260 
2260-2390 

-24 
-17 
-  3 

7 
-20 

4 

+  23 

+  58 

0 
-   2.6 
+33 

0 
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intensity  of  the  mitogenetic  rays.  Rajewsky  (224)  reports  their  inten- 
sity, as  obtained  from  tests  in  the  modified  Geiger  counter,  as  about  10 
to  100  quanta/cm. 2/sec.  Frank  and  Rodinow  (79)  report  100  to  1000 
quanta/cm. 2/sec.  It  seems  that  the  intensity  might  be  regarded  as 
closer  to  Rajewsky's  calculation,  and  in  fact  several  investigators  claim 
that  Rajewsky's  calculations  are  too  high.  If,  however,  we  accept  100 
quanta/cm. 2/sec.  as  a  possible  figure  and  use  a  slit  of  0.4  mm.  width  and 
a  time  of  exposure  of  2  min.,  we  have  a  total  of  480  quanta.  And  if  we 
suppose  that  50  per  cent  of  the  radiation  is  lost  in  the  spectrograph,  we 
have  240  quanta  left.  We  divide  this  into  30  bands  (nerve  radiation) 
and  we  have  for  each  band  8  quanta.  Each  detector  tube  covers  about 
one-third  of  the  exit  slit.  Each  liquid  detector  culture  would  then  get  a 
total  of  3  quanta  in  2  min.  This  total  of  3  quanta  is  supposed  to  be 
enough  to  cause  0.5  cc.  of  yeast  suspension  to  show  a  growth  increase  of 
20  per  cent.  Of  course,  it  may  be  possible  that  the  energy  estimations 
are  too  low  and  it  is  also  possible  that  living  materials  respond  to  energy 
for  which  we  have  as  yet  no  equivalent  in  physics. 

BIOLOGICAL  SENDERS 

As  mentioned  in  the  introduction,  there  are  several  hundred  publica- 
tions on  the  application  of  the  mitogenetic-ray  method  to  the  study  of 
biological  problems.  Problems  offering  real  possibilities  have  been 
investigated;  on  the  other  hand,  many  problems  which  have  been 
attacked  are  of  the  utmost  complexity,  as  for  instance,  the  work  on  nerve 
physiology,  the  work  on  blood,  and  on  cancer.  An  idea  of  the  type  of 
work  which  has  been  attempted,  and  for  which  success  is  not  infrequently 
claimed,  may  be  obtained  from  a  glance  at  the  titles  in  the  literature  list; 
the  reviewer  must  leave  to  specialists  in  these  several  fields  as  to  whether, 
from  this  work,  we  should  indulge  our  hopes  or  our  sorrows. 

We  shall  attempt,  as  far  as  it  seems  feasible  at  present,  to  bring  all  this 
work  under  a  common  schema  as  it  were.  In  doing  this  we  shall  for  the 
time  being  accept  all  the  results  as  definite,  and  all  doubts  about  the 
reliability  of  the  technique  or  about  the  experimental  procedure  will  be 
ignored  while  attempting  to  review  it  as  a  proponent  might. 

In  most  of  the  newer  work  published  from  the  Gurwitsch  school,  a 
spectral  interpretation  of  the  source  is  attempted.  In  other  words,  the 
mitogenetic-emission  spectrum  is  determined  and  the  spectra  are  com- 
pared with  the  established  spectra  of  fundamental  reactions.  There  are 
three  fundamental  reactions  which  give  typical  spectra:  oxidation, 
proteolysis,  and  glycolysis.  It  is  not  necessary  that  in  a  biological  reac- 
tion a  complete  fundamental  spectrum  appear;  it  sometimes  happens 
that  only  the  major  band  will  be  recognizable.  The  spectra  given  in 
Fig.  6  are  partly  obtained  by  biological  reactions  and  partly  by  purely 
chemical  reactions,  as  the  spectra  given  are  typical.     One  must  not  rely 
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too  much  on  the  correctness  of  the  wave-length  of  these  spectra  since,  as 
mentioned  before,  the  physical  technique  was  such  that  a  displacement  of 
an  entire  spectrum  for  as  much  as  100  A  units  does  not  seem  at  all 
impossible. 

The  greater  part  of  the  work  on  the  application  of  the  mitogenetic-ray 
technique  has  been  done  with  animal  materials  and  only  relatively  little 
with  plant  material,  with  the  exception,  of  course,  that  the  latter  have 
been  used  extensively  as  detectors — in  growth  effects.  Onion  sole  was 
one  of  the  first  senders  used  in  mitogenetic  work.  This  material  consists 
of  a  pulp  made  by  grinding  the  medullary  plate  of  the  onion  bulb. 

Following  the  chemical  experiments  of  Du  Bois  and  of  Harvey  (141) 
on  the  two  enzymes,  luciferine  and  luciferase, — Gurwitsch  (97)  reports 
he  was  able  to  separate  two  sub- 
stances from  a  pulp  made  by  grinding 
up  the  medullar  plate  of  the  common 
onion  (see  Table  1).  He  calls  these 
two  substances  mitotin  and  mitotase 
and  says  they  behave  like  luciferine 
and  luciferase.  This  reaction  gives  a 
typical  oxidation  spectrum.  The 
radiation  given  up  at  the  root  tip 
apparently  does  not  have  its  origin 
there  but  rather  in  the  medullar  plate, 
and  it  is  transmitted  through  secon- 
dary radiation  to  the  root  tip.       That    segment    of    onion    root:    1,    segment    of 

*'  '^  onion  root;  2,  rotating  disk  with  cutouts; 

distance    is  often    10   to    15   cm.      The    3,  yeast  agar  block  (sender);  4,  entrance 

spectrum  of  the  root-tip  radiation  is   «"t     of     quartz     spectrograph.    (After 

^  ^  Gurwitsch,  108.) 

of  glycolytic  origin.  Thus  the  secon- 
dary radiation  does  not  necessarily  have  the  spectrum  of  the  pri- 
mary radiation  in  it.  A  cut  segment  of  root  which  otherwise  would 
not  radiate  may  also  be  brought  to  radiation  by  an  oxidation  reaction, 
as  explained  in  Fig.  7.  Besides  onion  material,  damaged  leptome  bundles 
of  potatoes  (155),  the  cotyledons  of  Helianthus,  a  mash  of  yellow-beet 
tissue  (80,  102),  and  the  pulp  of  Sedum  latifolium  (108)  are  serviceable, 
if  kept  over  night  at  low  temperature,  but  not  the  fresh  material.  For 
negative  results  on  the  last-mentioned  materials  see  Haberlandt  (139). 
Bacteria  (1,  2,  8,  13)  and  yeast  (12,  14,  38,  292)  during  the  "log" 
stage  of  their  development  are  good  senders.  Yeast  can  be  used  as 
detector  or  sender  only  in  the  presence  of  some  visible  light  (213).  Since 
these  organisms  can  be  senders  as  well  as  detectors,  we  have  in  each  sus- 
pension what  has  been  called  "mito-induction."  That  these  organisms 
in  dense  suspensions  grow  faster  than  in  very  dilute  suspensions  is  one  of 
the  features  pointing  toward  the  radiation  explanation.  However, 
workers  in  the  field  have  not  as  yet  explained  how  this  concept  fits  in 
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Fig.  7  — Arrangement     for     spectral 
analysis   of    secondary    radiation    from    a 
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with  the  idea  of  secondary  radiation  (see  page  932).  If  isolated  organisms 
in  bouillon,  for  instance,  excite  secondary  radiation  in  the  medium,  and 
this  secondary  radiation  is  more  intense  than  the  primary  radiation,  we 
should  expect  to  have  here  very  quick  growth,  more  so  than  in  dense 
suspensions. 

Very  much  work  has  been  reported  on  invertebrates,  since  invertebrate 
material  lends  itself  very  well  to  experimental  investigation.  The 
material  has  been  used  as  sender  as  well  as  detector.  To  judge  from  the 
illustrations  giving  experimental  arrangements,  it  appears  to  be  very 
difficult,  to  say  the  least,  to  get  uniform  results.  To  many  investigators 
working  in  this  field  it  seems  that  many  experimental  difficulties  which 
usually  handicap  the  work  of  other  investigators  have  apparently  been 
ignored  by  those  reporting  success  in  mitogenetic  work.  Magrou, 
Magrou,  and  Chougroun  (183)  reported  successful  work,  but  later  this 
was  attacked  by  Chougroun  (49,  50).  Apparently  insufficient  precau- 
tions had  been  taken  against  chemical  or  spurious  electrical  effects. 

Sea-urchin  eggs  are  very  good  senders  for  a  certain  time  after  fertiliza- 
tion (65,  77),  that  is,  the  time  for  which  Warburg  has  reported  a  very 
large  increase  of  oxygen  consumption.  Gurwitsch  (108)  believes  that 
here,  too,  we  have  a  mitotin-mitotase  process  which  is  the  source  of  the 
radiation. 

Axolotl  larvae  up  to  1  cm.  are  good  radiators.  Apparently  here  the 
brain  is  the  source  of  the  radiations  (Anikin,  3).  A  pulp  made  of  brain 
tissue  will  radiate  while  a  pulp  from  the  rest  of  the  body  will  not.  Devel- 
oping Drosophila  eggs  are  good  senders  (Wolff  and  Ras,  310). 

In  a  large  number  of  papers,  Blacher  and  his  coworkers  (21  to  26,  35, 
147,  173)  report  the  resorption  process  as  a  source  of  mitogenetic  radia- 
tion. Gurwitsch  (108)  states  that  there  are  three  proofs  which  Blacher 
has  brought  for  his  contention:  (a)  the  appearance  of  mitogenetic  radia- 
tion during  the  metamorphosis  of  the  insect  egg  (Drosophila);  (h)  the 
relation  between  natural  (induced)  and  forced  metamorphosis  of  amphibia 
and  mitogenetic  radiation ;  and  (c)  the  relation  between  wound  products, 
wound  healing,  and  mitogenetic  radiation.  Embryonal  stages  of  higher 
animals,  chicken  embryos,  especially,  have  been  investigated.  Brain 
tissue  of  embryos  will  not  radiate  (Kisliak-Statkewitsch,  155,  108)  but  the 
yellow  of  the  egg  incubated  for  2  to  3  days  makes  a  good  sender. 

Positive  success  with  the  effect  of  mitogenetic  rays  on  tissue  cultures 
has  been  reported  by  Chrustschoff  (52)  and  others  (214).  However, 
against  their  work  stands  a  number  of  experiments  (312)  where  negative 
results  are  reported. 

A  large  number  of  authors  (31,  85,  89,  114,  169,  175,  214,  216,  245) 
report  on  the  mitogenetic  radiation  of  the  blood  and  of  organs  which 
depend  on  blood  radiation.  Blood  from  many  normal  or  healthy  animals 
is  reported  to  radiate  in  vivo  and  in  vitro,  if  handled  properly.     Circulat- 
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ing  blood  has  been  tested  by  exposing  the  abdominal  vein  of  the  female 
frog  covered  only  with  an  extremely  thin  skin.  The  vein  was  then 
exposed  to  the  onion  or  yeast  detector  (89).  Fresh  blood  may  be  tested 
by  mixing  it  with  a  4  per  cent  solution  of  MgS04,  diluted  by  an  equal 
quantity  of  water,  and  the  exposure  made  in  a  capillary  chamber.  Or 
the  blood  may  be  taken  up  with  a  piece  of  filter  paper,  dried,  and  ground 
up  with  water  to  a  fine  pulp  (154).  Fresh  blood  must  be  used  as  sender 
within  10  min.  after  it  is  taken,  if  used  with  MgS04;  but  it  is  good  for 
several  hours  if  the  filter-paper  method  is  used.  During  asphyxia  with 
CO  or  poisoning  with  HCN,  blood  will  not  radiate  nor  will  the  blood  of 
starving  animals  radiate.  Blood  serum  can  be  brought  to  radiate  by  the 
addition  of  H2O2  or  oxyhemoglobin. 

The  blood  of  man  and  animals  with  malignant  tumors  and  serious 
blood  diseases  such  as  poisoning,  complicated  sepsis,  pernicious  anemia, 
and  leucemia  will  not  radiate.  In  cases  of  lues,  Basedow,  typhoid,  and 
tuberculosis  the  blood  apparently  radiates  normally  (245).  Test  of 
blood  taken  just  after  the  individual  has  been  doing  heavy  work  shows 
that  radiation  has  temporarily  ceased  (Brainess,  28).  When  the  blood 
of  an  animal  radiates,  the  urine  will  also  radiate  (Siebert,  266).  Gur- 
witsch  (108)  and  Siebert  (263)  have  reported  tissues  which  as  yet  have 
been  found  not  to  give  up  mitogenetic  radiation.  These  are  lymph  nodes, 
testicles,  ovaries,  skin,  and  liver.  Muscle  tissue  is  reported  to  be  a  very 
good  sender  (Frank,  78,  79,  Siebert,  264);  and  also  corneal  epithelium 
(Gurwitsch  and  Anikin,  117),  bone  marrow  (30),  nerve  tissue,  ciliate 
epithelium,  intestinal  epithelium,  spleen  (110).  Interesting  work 
has  been  done  on  the  corneal  epithelium,  where  apparently  the  radiation 
depends  on  the  radiation  of  the  blood  (for  more  detailed  analysis  of  this 
see  117  and  135).  Gurwitsch  (115)  reports  that  radiation  is  given  up  by 
the  cornea  and  not  by  the  sclera  of  the  eye.  Harders  (140)  finds  exactly 
the  opposite  regarding  these  tissues  of  the  eye.  A  pulp  made  of  muscle 
will  give  up  radiation  if  prepared  from  an  excited  muscle.  A  detailed 
analysis  of  muscle  work  has  been  made  by  Frank  and  Popoff  (78). 
Lately  a  number  of  publications  have  appeared  on  the  radiation  of 
the  nerve  (110,  111,  136,  168,  169).  This  work  has  been  done  by 
following  the  spectra  of  the  radiation  emitted  (see  Fig.  6).  Whether  or 
not  the  energy  available  in  the  nerve  reaction  is  sufficient  has  been  dis- 
cussed by  Hill  (145). 

Protti  (218,  219)  reports  that  in  the  case  of  senility  radiation  of  the 
blood  disappears,  but  that  when  blood  of  young  people  has  been  added, 
radiation  again  reappears.  This  material  has  been  reported  in  book  form 
(220)  and  is  supposed  to  be  ready  for  clinical  use. 

A  large  number  of  biochemical  reactions  have  been  found  to  give 
mitogenetic  radiation  and  many  purely  chemical  reactions  have  been 
designated  as  good  senders.     As  simple  a  reaction  as  the  solution  of  NaCl 
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in  water  is  reported  a  source  of  radiation,  while  the  solution  of  sugar  in 
water  is  not.  Extensive  work  on  chemical  radiation  has  been  reported  by 
Wolff  and  Ras  (308),  Ruyssen  (237,  238),  Frank  (79),  Audubert  (6), 
Potozky  (212),  Braunstein  and  Potozky  (32,  33),  and  Braunstein 
and  Severin  (34). 

Before  ending  this  review,  attention  should  be  called  to  the  cancer 
problem.  Since  it  has  been  reported  that  blood  of  cancerous  people  will 
not  radiate  and  cancer  tissue  itself  will  (Gurwitsch  114,  128,  129,  133, 
135,  137,  Karpass  and  Lanschina,  153,  Kisliak-Statkewitsch,  156, 
Siebert,  268),  this  has  suggested  a  study  for  the  extremely  difficult  and 
involved  problem  of  cancer.  We  warn  here  against  a  careless  optimism, 
which  expressed  itself  especially  in  a  number  of  popular  articles  and  has 
often  prejudiced  the  sincere  worker  from  taking  this  problem  seriously. 
It  can  safely  be  stated  that  even  if  the  work  on  the  mitogenetic-ray 
problem  is  entirely  correct — and  before  we  can  accept  this,  many  points 
must  be  cleared  up — the  cancer  problem,  as  such,  should  be  left  to  those 
who  have  had  considerable  experience  with  it,  and  if  it  should  prove 
possible  to  put  in  the  hands  of  the  cancer  worker  good  reliable  detecting 
methods  for  mitogenetic  rays,  a  great  service  would  have  been  rendered. 
Speculation  based  on  small  amounts  of  material  or  data  should  be 
avoided.  More  and  carefully  controlled  work  on  the  fundamental 
methods  of  this  problem  and  more  reliable  proof  of  the  existence  of 
mitogenetic  rays  are  needed  before  a  satisfactory  evaluation  can  be 
expected. 

CONCLUSIONS 

The  most  critical  investigators  must  admit — when  going  over  at  least 
the  more  simple  experiments,  and  seeing  the  large  number  of  positive 
results  reported  from  different  laboratories — that  the  trend  of  results 
points  to  some  uniform  effect,  but  the  interpretation  of  the  effect  need 
not  necessarily  be  what  the  investigators  claim  for  it.  But  even  a 
convinced  believer  in  the  existence  of  mitogenetic  rays  must  admit  that 
there  are  so  many  contradictions  and  slightly  supported  statements 
concerning  the  work  that  it  cannot  be  accepted  in  the  present  form. 
It  is  clear  that  before  the  advanced  work  on  spectral  analysis  can  be 
discussed  intelligently  the  fundamental  facts  must  be  cleared  up  and 
put  on  such  a  basis  that  they  can  be  handled  by  any  careful  worker 
It  seems  to  the  reviewer  that  more  harm  has  been  done  to  the  mitogenetic- 
ray  problem  by  its  overenthusiastic  supporters  than  by  those  who  have 
maintained  an  interested  but  critical  attitude  toward  the  problem. 

We  have  given  here  only  a  bird's-eye  view  of  the  application  of 
mitogenetic  rays.  Those  interested  in  different  phases  of  the  problem 
will  find  the  available  material  in  the  literature. 

Tiie  books  (97,  108)  published  on  the  mitogenetic-ray  problem  make 
it  very  difficult  to  evaluate  the  material.     There  is  a  tendency  to  accept 
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as  correct  almost  every  article  which  reports  positive  effects — even  if  this 
work  is  supported  by  only  a  small  number  of  experiments — and  to  cast 
doubt  on  the  work  of  those  who  have  not  obtained  positive  reactions.' 
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Introduction.  Physiological  effects  of  X-radiation:  Effect  upon  seed  germination  and 
early  growth — Effect  on  root  development — Condition  affecting  ray-sensitivity  of  plants — 
Effect  on  respiration — Effect  upon  plant  movements — Sui7imary.  Morphological  and 
histological  effects  of  X-radiation:  Morphological  effects  upon  leaves,  aerial  stems,  and 
underground  stems — Morphological  effects  upon  flower  and  fruit  development — Histo- 
logical effects — Summary.  Cytological  effects  of  X-radiation.  General  summary. 
References. 

INTRODUCTION 

Since  the  discovery  of  X-rays  by  Rontgen  in  1895,  the  majority 
of  pubHshed  papers  deahng  with  the  influence  of  these  rays  on  plant 
life  have  considered  their  general  effects  on  physiological  processes 
including  rate  of  seed  germination  and  growth,  respiration,  and  move- 
ments. The  morphological  and  cytological  aspects  have  attracted  a 
considerable  number  of  investigators,  while  relatively  few  workers 
have  been  interested  in  the  histology  of  rayed  tissues. 

The  use  of  different  units  of  measurement  by  the  various  investigators 
has  increased  the  difficulty  of  a  comparative  study  of  the  results  obtained 
with  X-rays  upon  plant  and  animal  tissues.  Many  of  the  German  and 
French  writers  have  used  the  Holzknecht  (H)  which  is  approximately 
the  equivalent  of  one-fifth  skin-erythema  dose.  The  erythema  is 
largely  used  by  medical  men  and  by  some  research  workers;  authorities 
differ  as  to  the  exact  definition.  It  is  that  amount  of  X-rays  which 
will  produce  a  distinct  reddening  of  the  human  skin  at  the  end  of  a 
development  period,  usually  10  days  following  the  exposure.  The 
erythema  dose  is  the  equivalent  of  5  H  units.  Unfortunately,  the 
erythema  is  difficult  to  determine  accurately,  owing  to  individual  and 
racial  differences.  It  has  been  abandoned  by  the  research  worker 
for  a  new  arbitrary  international  unit  (see  Taylor,  Paper  II,  p.  68) 
called  the  "roentgen,"  designated  by  the  small  letter  r.  Dosimeters 
have  been  designed  which  accurately  measure  the  X-ray  output  in 
r-units,  300  to  600  r-units  constituting  an  erythema  dose. 

Many  investigators,  irrespective  of  the  unit  of  measurement  employed, 
have  given  the  "set-up"  of  the  machine,  recording  the  voltage,  amperage, 
distance  from  target  to  area  irradiated,  time,  and  statement  as  to  whether 
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rays  were  filtered  or  not.     Whenever  the  dosage  is  not  given  in  r-units, 
the  set-up  of  the  machine  should  be  given. 

The  discussion  which  follows  will  present  a  critical  review  of  the 
studies  which  have  been  made  on  the  effects  of  X-rays  upon  green  plants. 

PHYSIOLOGICAL  EFFECTS  OF  X-RADIATION 

Many  of  the  earlier  studies  of  the  effects  of  X-rays  upon  green  plants 
center  around  the  question  of  their  influence  upon  the  processes  of 
germination  and  seedling  growth.  Often  conclusions  have  been  based 
on  a  few  experiments  involving  a  limited  number  of  seeds  without 
the  utilization  of  enough  check  plants  grown  under  similar  environmental 
conditions.  Other  conclusions  were  drawn  from  short-time  experiments 
in  which  the  investigators  did  not  allow  the  plants  to  grow  to  maturity, 
hence  they  have  not  been  able  to  judge  how  irradiation  affects  the  entire 
life  cycle  of  the  plant.  There  is  agreement  that  in  general  the  effect 
of  X-rays  upon  living  material  is  destructive.  Medium  to  heavy  doses 
cause  a  depressing  action  on  growth.  Contradictory  results,  however, 
are  reported  by  those  using  light  doses.  Many  report  a  stimulative 
action  while  others  believe  that,  if  there  is  an  apparent  hastened  growth, 
it  is  but  an  acceleration  following  a  retardation  which  occurs  immediately 
after  exposure. 

Some  of  the  conflicting  results  published  by  those  who  have  worked 
with  light  doses  may  be  due  to  different  interpretations  of  the  term 
"stimulation."  It  is  assumed  in  this  paper  that  the  investigators  have 
used  the  term  in  its  more  popular  sense  to  indicate  a  positive  reaction 
unless  a  definite  statement  is  made  to  the  contrary.  A  report  that 
light  doses  "stimulate"  growth  is  interpreted  to  mean  that  there  is 
increased  growth,  which  results  in  greater  dry  weight.  A  more  technical 
meaning  of  the  term  indicates  merely  the  response  to  a  stimulus,  whether 
positive  or  negative.  In  this  sense,  any  response  of  the  plant  shown  by 
either  increased  or  decreased  growth  would  be  considered  a  stimulation. 
The  use  of  the  word  to  indicate  quickened  growth  is  much  more  general 
than  the  use  in  the  latter  sense. 

The  writer  (19)  has  found  that,  when  medium  doses  of  X-radiation 
are  used,  a  depressing  effect  proportional  to  the  doses,  within  certain 
limits,  is  evident  during  the  first  few  weeks  of  growth.  Later  the  growth 
inhibition  disappears  and  for  a  time  the  irradiated  plants  may  actually 
show  faster  growth,  until  at  maturity  there  is  little  difference  in  total 
height  between  controls  and  treated  plants.  Some  of  the  earlier  workers 
noted  the  growth-checking  tendency  an^  regarded  the  later  acceleration 
as  a  natural  consequence  similar  to  that  which  occurs  in  plants  after 
mild  injury.  Others,  however,  using  a  small  number  of  plants  and 
taking  measurements  during  the  time  of  growth  acceleration,  have 
recorded  the  results  as  stimulation  due  to  the  action  of  the  rays. 
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Evidence  from  experimental  work  reviewed  in  this  paper  indicates 
that  a  majority  of  those  who  have  made  repeated  experiments  using 
large  numbers  of  seeds  have  found  that  light  doses  do  not  cause  increased 
germination  or  increased  growth  in  vegetative  parts. 

EFFECT    UPON    SEED    GERMINATION    AND    EARLY    GROWTH 

Historical  Account  of  Work  up  to  1924. — Three  years  after  Rontgen 
discovered  the  X-rays,  Maldiney  and  Thouvenin  (40)  published  a  state- 
ment to  the  effect  that  X-rays  hastened  the  germination  of  seeds  of 
Convolvulus  and  Lepidium.  Ancel  (2),  who  criticized  these  studies 
because  of  the  small  number  of  seeds  used,  employed  hundreds  of  seeds 
of  the  same  species  and  found  that  in  no  case  was  germination  of  the 
seeds  hastened  by  irradiation, 

Koernicke  (26),  in  1904,  using  two  species  of  Vicia  and  Brassica, 
referred  to  growth  checking  followed  by  a  growth  acceleration  which 
was  transitory  if  the  dose  were  not  too  strong.  In  a  later  research  (27), 
using  many  species  of  plants  to  test  the  practical  use  of  roentgen  irradia- 
tion in  agriculture,  he  concluded  that  X-rays  parallel  other  rays 
in  showing  growth  retardation  with  stronger  doses  but  growth  stimulation 
with  weaker  ones.  He  also  found  that  with  air-dried  seeds  germination 
of  those  strongly  irradiated  occurred  sooner  than  with  those  weakly 
irradiated  and  sooner  than  the  controls.  Ancel  (2),  who  repeated 
the  experiment  with  Brassica  napus,  using  16  lots  of  100  seeds  each, 
found  that  radiation  applied  on  the  dry  seeds  in  doses  varying  from 
0.5  to  20  H  did  not  hasten  germination. 

Miege  and  Coupe  (41)  reported  stimulation  of  growth  in  Raphanus 
and  Lepidium  which  manifested  itself  in  increased  weight  of  leaves  of 
irradiated  plants  as  well  as  by  increase  in  total  weight.  Daily  doses 
of  2.5  H  were  found  to  cause  greatest  acceleration.  These  positive 
statements  of  results  are  open  to  criticism  because  they  were  based  on 
groups  of  10  seeds  in  each  experiment.  Later  investigators  have  shown 
that  only  by  using  large  numbers  of  seeds  and  by  repeating  the  experi- 
ments several  times  can  one  avoid  misinterpreting  results. 

Pfeiffer  and  Simmermacher  (49)  claimed  that  the  germination  of 
Vicia  Faba  was  increased  by  short  exposures  to  X-rays  but  lessened  by 
long  exposures.  E.  Schwarz  (57)  also  found  accelerated  growth  in 
V.  Faba  with  the  use  of  weak  irradiation.  His  work  has  been  criticized 
by  Komuro  (30)  for  the  smaller  number  of  experiments  and  for  the 
lack  of  controlled  conditions  under  which  the  experiments  were  con- 
ducted. Jiingling  (23),  using  the  same  species,  found  that  the  effect  of 
raying  the  seeds  or  seedlings  can  be  either  stimulating  or  depressing.  He 
used  an  erythema  dose,  designated  by  Seitz  and  Wintz  as  the  "Hautein- 
heitsdosis"  (H.E.D.).  WTien  a  light  dose  of  5  to  6  H.E.D.  was  given,  root 
growth  was  unaffected  while  shoot  growth  was  increased.     Halberstaedter 
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and  Simons  (15)  also  working  with  V.  Faba  concluded  that  light  doses 
up  to  5  H.E.D.  cause  stimulation,  but  above  that  retardation  of  growth 
occurs.  Their  results  indicate  that  a  less  sensitive  plant,  i.e.,  one  which 
is  little  affected  by  the  rays,  requires  a  greater  dose  for  either  retardation 
or  stimulation  than  a  more  sensitive  one.  Wheat,  which  is  less  ray- 
sensitive  than  V.  Faha,  showed  transitory  stimulation  with  doses  up  to 
200  H.E.D.  These  investigators  conclude  that  the  dose  necessary 
to  cause  stimulation  is  in  an  inverse  ratio  to  the  ray  sensitivity  of  the  cells. 

Altmann,  Rochlin,  and  Gleichgewicht  (1)  observed  that  irradiation 
of  the  bean,  Phaseolus  vulgaris,  resulted  in  a  transitory  acceleration 
of  development.  They  report  that  the  stimulation  dose  varies  with 
the  stage  of  development,  the  dose  for  the  dry  bean  lying  between  6  and 
12  H;  for  the  two-day  seedling,  between  1  and  3  H.  When  Ancel  (2) 
repeated  this  experiment,  however,  it  was  found  that  the  control  lots 
showed  as  great  a  variation  among  themselves  as  did  the  control  and 
irradiated  groups.  If  Altmann,  Rochlin,  and  Gleichgewicht  had  increased 
their  control  lots,  doubtless  they  would  have  obtained  among  them  differ- 
ences as  great  as  they  observed  between  the  control  and  irradiated  plants. 
Ancel  (4)  concluded  from  her  experiments  in  which  she  used  large  numbers 
of  control  and  irradiated  beans,  lentils,  and  wheat,  that  the  so-called 
accelerating  action  of  weak  doses  of  X-rays  on  the  development  of  plants 
does  not  exist.  The  chief  cause  of  error  made  by  some  of  these  earlier 
experimenters  is  that  they  have  not  taken  into  consideration  the  indi- 
vidual variation  of  the  seedlings. 

Komuro  (29a)  repeated  the  experiments  of  Yamada  and  Nakamura 
who  had  obtained  an  increased  yield  of  rice  from  weakly  irradiated  seeds. 
He  reported  that  the  number  of  tillers  in  plants  from  soaked  seeds 
decreased  proportionally  to  the  dose  given,  that  no  positive  stimulation 
was  apparent,  and  that  the  crop  was  not  increased  by  irradiation.  This 
same  investigator  (296),  in  a  second  experiment  conducted  two  years 
later,  concluded  from  his  study  of  two  pure  lines  of  Oryza  saliva  that 
acceleration  of  germination  is  obviously  shown  in  seeds  X-rayed  in  the 
air-dried  condition  and  that  a  dose  of  5  to  10  H  seemed  to  be  the  optimum. 
An  analysis  of  the  data,  however,  shows  that  in  half  of  the  experiments 
only  4  to  20  seeds  were  used  in  each  lot.  Very  slight  acceleration  or 
none  at  all  was  evident  in  the  majority  of  the  remaining  experiments  in 
which  100  seeds  were  used.  Komuro  concluded  that  early  growth  from 
irradiated  soaked  seeds  was  better  than  from  controls,  but  his  figures 
show  very  slight  differences  between  the  average  lengths  of  each  lot. 
In  testing  the  influence  of  radiation  on  processes  showing  as  much  varia- 
tion as  do  germination  and  growth,  a  large  number  of  seeds  should  be 
used  and  differences  between  average  measurements  in  each  group 
should  be  sufficiently  great  because  of  the  individual  differences  which 
occur  even  between  members  of  groups  subjected  to  the  same  environ- 
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mental  conditions.  If  Komiiro  in  his  second  group  of  experiments  had 
used  more  seeds  and  grown  his  plants  to  maturity,  he  would  doubtless 
have  confirmed  the  results  of  his  former  experiment.  Because  of  his 
conclusion  that  the  germination  of  air-dried  seeds,  which  were  steeped 
in  water  29  hr,  after  irradiation,  was  obviously  accelerated,  Komuro 
believed  that  the  practical  application  of  roentgen  rays  in  agriculture 
would  be  possible  and  profitable  if  air-dried  seeds  were  X-rayed  and  sent 
to  other  places  for  sowing  in  the  rice  fields.  Ancel  (2a),  on  the  contrary, 
found  with  wheat  and  lentils  that  there  was  no  increase  in  percentage 
of  germination  with  irradiation  and  that  delay  in  placing  the  irradiated 
seeds  under  proper  conditions  for  germination  caused  fewer  seeds  to 
develop. 

Geller  (10),  after  examining  results  of  experiments  covering  the 
period  1910  to  1923,  concluded  that  small  doses  of  X-rays  cause  accelera- 
tion of  development  while  large  ones  produce  a  depressing  action.  The 
effect  depends  on  the  species  and  condition  of  the  plant,  for  some  are 
more  affected  than  others  and  all  are  more  ray-sensitive  when  growth  is 
active.  Geller  believed  that  there  was  no  absolute  ray  dose  for  retarding 
or  stimulating  plant  growth  since  the  effect  is  dependent  on  so  many 
factors.  At  the  present  time,  the  problem  of  possible  stimulation  is 
still  unsolved.  Some  investigators  believe  that  they  have  demonstrated 
stimulative  effects  with  weak  doses  while  other  careful  experimenters 
have  demonstrated  either  no  effect  or  one  which  is  harmful  to  the  plant. 

Papers  Published  since  1924  on  Stimulation  and  Retardation. — Brief 
mention  will  be  made  of  the  investigations  of  others  working  since  1924 
who  claim  to  have  demonstrated  a  stimulative  or  accelerative  influence 
of  X-radiation  upon  grow^th.  Arntzen  and  Krebs  (6),  using  peas,  found 
that  with  light  doses  a  stimulative  effect  could  be  demonstrated  for  the 
first  and,  in  some  cases,  for  the  second  24-hr.  period  after  exposure. 
This  was  followed  by  retarded  growth. 

Iven  (17)  has  seemed  to  confuse  the  acceleration  following  a  retarda- 
tion in  growth  of  Vicia  Faba  seedlings  with  true  stimulation.  In  the 
earlier  part  of  his  paper,  he  states  that  his  results  agree  with  those  of 
E.  Schwarz,  Koernicke,  and  Halberstaedter  and  Simons  who  considered 
weak  doses  as  stimulative.  Later,  he  refers  to  growth-acceleration 
phenomena  which  appear  within  10  to  20  days  after  treatment,  after 
which  growth  again  becomes  normal.  The  stimulating  effect  with 
minimum  doses,  Iven  concludes,  is  a  passing  one.  From  these  state- 
ments, it  would  seem  that  Iven  is  referring  to  an  acceleration  of  growth 
following  a  retardation,  which  is  commonly  reported  after  radiation,  rather 
than  to  true  stimulation  resulting  in  increased  growth.  He  found  that 
germination  of  seeds  was  not  hastened  by  the  rays. 

Rivera  (53)  considered  increased  development  of  aerial  buds  following 
irradiation  as  a  stimulation.     He  reported  also  that  roots  seem  to  derive 
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an  indirect  benefit  from  irradiation,  as  they  show  extraordinary  elonga- 
tion. In  view  of  the  fact  that  no  other  worker  has  reported  increase  of 
root  growth  with  radiation,  Rivera's  conclusions  need  confirmation 
before  being  accepted. 

Goodspeed  and  Olsen  (14)  stated  that  a  marked  acceleration  of 
growth  and  development  may  follow  appropriate  X-ray  treatments  and 
Goodspeed  (13)  reported  that  on  three  occasions  pot-grown  plants  of 
Nicotiana  rustica  pumila  irradiated  just  previous  to  first  flowering  had 
shown  an  immediate  and  very  marked  growth  acceleration.  The  studies 
of  these  authors,  however,  were  concerned  principally  with  the  cytological 
effects  of  radiation,  hence  the  authors  have  not  published  complete  data 
on  growth  which  support  the  conclusions  drawn. 

Stimulative  effects  of  the  rays  have  been  claimed  by  Jacobson  (18) 
who  reported  that  by  irradiation  the  crop  of  one  variety  of  potatoes  was 
increased  84  per  cent  in  weight  over  the  control  plants,  while  with 
another  variety  the  increase  was  as  much  as  200  per  cent.  He  stated  that 
each  tuber  was  larger  than  normal  and  that  there  was  also  an  increase  in 
total  number  of  tubers.  Johnson  (22a)  in  a  series  of  experiments  extend- 
ing over  five  growing  seasons  and  involving  the  growth  of  17,000  tubers, 
found  that  irradiating  the  unsprouted  tubers  of  the  Colorado  wild  potato 
{Solarium  Jamesii)  with  a  dose  of  1500  r-units  caused  a  slightly  greater 
production  than  from  controls.  Using  the  same  dose  on  sprouted  tubers 
caused  an  increase  of  over  40  per  cent  in  the  average  number  of  tubers 
per  hill  with  an  even  greater  increase  in  the  average  weight  per  hill. 
The  individual  tubers  from  the  treated  plants  also  weighed  more  than 
did  those  from  check  plants.  The  conclusion  drawn  is  that  increase  of 
rhizome  development  in  the  wild  potato,  which  causes  formation  of  a 
greater  number  of  tubers,  is  similar  to  the  increased  aerial  branching 
which  occurs  in  some  other  members  of  this  family  when  the  very  young 
plants  are  treated  with  medium  doses.  Sprague  and  Lenz  (62)  in  a 
preliminary  experiment  find  results  which  indicate  that  strong  doses  may 
reduce  the  number  of  tubers  formed.  Such  tubers  may  attain  a  greater 
size  so  that  yields  of  marketable  stock  are  not  lowered.  In  no  case, 
however,  did  they  find  the  crop  increased. 

ShuU  and  Mitchell  (60)  in  a  recent  publication  report  preliminary 
experiments  with  very  light  doses  of  filtered  X-rays  which  lead  them  to 
conclude  that  stimulative  effects  may  be  consistently  obtained  if  appropri- 
ate conditions  are  employed.  They  believe  that  harmful  effects  mask 
stimulation  which  occurs  when  the  beam  is  properly  filtered.  Very 
small  doses  of  30  to  120  r-units  were  used  on  seedlings  of  wheat,  corn, 
oats,  and  sunflower.  The  treated  individuals  of  the  wheat  plants  were 
reported  taller,  of  ranker  growth,, and  exhibiting  a  higher  degree  of  tiller- 
ing. Corn  rayed  1  to  5  min.  showed  a  higher  percentage  of  germination 
than  the  controls,  a  greater  fresh  and  dry  weight  of  coleoptile,  and 
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increased  chlorophyll  content.  A  group  of  sunflower  plants  rayed  3  min. 
l)lossomed  before  the  controls,  indicating  a  shortening  of  life  history  by 
the  treatment.  The  conditions  which  the  authors  believe  necessary  for 
such  stimulative  action  are:  the  use  of  metallic  screens,  high  voltage  and 
low  amperage,  and  brief  exposures.  The  total  dosage  for  stimulation 
does  not  much  exceed  100  r-units.  Even  with  the  1-mm.  aluminum 
screen,  sunflowers  given  150  to  200  r-units  were  overtreated.  Optimum 
growth  occurred  with  about  115  r-units  (3  min.). 

Investigations  will  now  be  given  in  which  there  has  been  found  no 
case  of  stimulation  but  always  definite  retardation.  Capizzaro  (8) 
writes  of  temporary  retardation  of  development  occurring  in  proportion 
to  the  time  of  irradiation  and  the  quality  of  rays  produced.  Maisin  and 
Masy  (39)  obtained  marked  inhibition  of  growth  when  seeds  of  Pisum 
sativum  were  exposed  to  X-rays.  No  lethal  effects  occurred  with  the 
dosage  employed.  Glocker,  Hayer,  and  Jtingling  (11)  found  retardation 
in  growth  of  bean  seedlings,  particularly  with  softer  rays  (those  produced 
with  lower  voltage). 

Johnson  (20a)  irradiated  numerous  seedlings  of  tomato,  sunberry, 
sunflower,  and  two  species  of  vetch  with  light  X-ray  doses  which  have 
been  reported  to  cause  stimulation.  After  the  plants  had  grown  for 
periods  of  sufficient  length  for  the  detection  of  any  stimulative  action, 
comparisons  were  made  of  green  and  dry  weights  of  experimental  and 
control  plants.  In  two  groups,  root  growth  was  considered  as  well  as 
growth  of  tops,  and  in  two  groups  stem  height  was  also  considered. 
In  all  cases  studied  a  considerable  number  of  treated  plants  with  a  like 
number  of  controls  were  grown  under  the  same  environmental  conditions. 
No  increased  growth  of  experimental  plants  over  the  controls  was  evi- 
denced by  measurements  either  of  height  or  of  green-  and  dry-weight 
determinations. 

Horlacher  and  Killough  (16)  found  that  X-rays  produced  a  dif- 
ferential growth  rate  in  cotton  seedlings.  When  a  few  days  old,  the 
rayed  seedlings  could  be  divided  into  three  classes :  normal,  intermediate, 
and  dwarf. 

Schwarz,  Czepa,  and  Schindler  (58),  working  with  wheat,  horse  bean, 
and  lentil,  found  no  stimulation  with  weak  doses.  In  their  experiments 
with  wheat,  20  seedlings  were  used  in  each  of  12  groups  and  lots  were 
exposed  for  5,  10,  20,  30,  and  45  sec,  and  for  1,  3,  5,  10,  20,  40,  and  50 
min.,  respectively.  Nine  groups  of  controls  were  measured.  The 
authors  found  that  seedling  length  increased  when  the  time  of  irradiation 
was  5  min.  or  less,  after  which  it  decreased.  But  when  the  controls 
were  measured,  it  was  found  that  the  highest  value  for  the  control  was 
1  mm.  higher  than  the  greatest  measurement  for  the  irradiated.  Essen- 
tially the  same  results  were  obtained  with  the  horse  bean  and  lentil. 
Their  conclusions  agree  with  those  of  Ancel  (4)  who,  from  numerous 
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experiments  involving  thousands  of  seeds,  concluded  that  weak  doses 
did  not  cause  acceleration  of  growth.  When  large  numbers  of  irradiated 
plants  and  controls  were  used,  the  plants  irradiated  with  weak  dosage 
behaved  like  controls. 

Bersa  (7)  has  pointed  out  that  because  of  the  markedly  variable 
material  used  in  studying  the  biological  effects  of  X-rays,  statistical 
methods  are  especially  necessary.  Bersa  believes  with  others  quoted 
that  a  dose  causing  genuine  roentgen  stimulus  for  seedlings  cannot  be 
given  as  yet. 

Taken  as  a  whole,  conclusions  from  the  numerous  experiments  on 
the  effect  of  X-radiation  on  seed  germination  and  early  growth  of  seed- 
lings indicate  that  medium  and  heavy  doses  are  injurious.  Some  investi- 
gators believe  that  they  have  demonstrated  the  stimulative  effects  of 
light  doses,  while  others  have  found  only  retardation  or  lack  of  change. 
It  appears  that  many  who  have  reported  stimulation  with  X-rays  have 
not  taken  into  account  the  variability  of  individual  plants.  The  majority 
of  those  who  have  used  large  numbers  of  seedlings  and  have  repeated 
their  experiments  many  times  agree  that  weak  doses,  which  some  have 
regarded  as  stimulative,  do  not  regularly  cause  increased  germination  of 
seeds  or  increase  of  vegetative  parts  which  results  in  greater  dry  weight. 

EFFECT    ON    ROOT    DEVELOPMENT 

In  1920,  Jiingling  (23)  reported  a  retardation  in  the  development  of 
lateral  roots  as  a  direct  effect  of  radiating  seedlings.  Nakagawa  (44) 
also  found  that  medium  to  strong  irradiation  of  Vicia  seedlings  dis- 
turbed the  development  and  growth  of  root  tips.  Root  hairs  and  rootlets 
did  not  form  and  the  tissues  of  the  root  took  on  a  permanent  aspect. 
Microscopic  examination  showed  the  greatest  changes  in  endodermis  and 
dermatogen.  According  to  Patten  and  Wigoder  (47),  roots  of  V.  Faba 
were  not  only  stunted  by  medium  doses  of  irradiation,  but  they  became 
slightly  bulbous  at  the  tip.  Lateral  roots  never  developed  in  the  stunted 
X-rayed  specimens.  Roots  of  barley.  Patten  and  Wigoder  report, 
seemed  little  affected  by  the  rays.  Since  others  (63)  have  found  the 
barley  plant  very  ray-susceptible,  this  point  should  be  investigated. 

Ancel  (3),  using  30  to  60  seeds  in  each  culture,  recorded,  after  a 
certain  exposure,  the  mean  length  of  main  root,  rootlets,  stem,  and  total 
length  of  the  rootlets.  Rootlets  which  showed  the  greatest  growth 
depression  seemed  to  afford  the  best  test  of  the  biological  effects  of 
radiation. 

Cattell  (9),  who  based  results  on  200,000  measurements  of  control 
and  irradiated  wheat  seedlings  taken  48  hr.  after  irradiation,  showed  that 
each  of  the  4  growing  parts  was  affected  to  a  different  degree  by  the 
same  dose.  If  one  takes  the  relative  percentage  reduction  of  the  coleop- 
tile  (with  reference  to  the  growth  of  the  control)  as  1,  and  compares  it 
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with  the  other  growing  parts,  the  relative  effect  on  the  leaf  is  6,  primary 
root  16,  and  lateral  roots  18.  The  lateral  roots  are  then,  according  to 
Cattell,  18  times  as  ray-sensitive  as  the  coleoptile. 

Fibrous  roots  developed  from  treated  seedlings  of  Thunhergia  alata, 
maize,  and  castor-bean  plant  were  found  by  Johnson  (22a)  to  show 
markedly  less  growth  in  length  of  main  roots,  and  particularly  less  growth 
in  number  and  length  of  lateral  roots.  The  main  root  of  maize  showed 
48  per  cent  less  growth  in  length  of  root  eight  days  after  receiving  a  dose 
of  2000  r-units.  Main  roots  of  castor  bean,  Ricinus  communis,  proved 
equally  ray-susceptible.  In  both  species  there  was  entire  suppression  of 
lateral  roots  for  several  days  after  irradiation.  Tap  roots  and  roots 
developing  from  bulbs  also  showed  serious  injury  from  treatment  with 
medium  doses.  Tap  roots  of  radish  irradiated  in  the  seedling  stage  were 
shorter  than  in  the  control;  in  the  former  there  was  also  a  noticeable 
relative  decrease  in  number  and  length  of  lateral  roots.  Raying  the 
root  end  of  narcissus  bulbs  with  3500  r-units  caused  a  necrosis  and  marked 
stunting  of  roots.  Three  weeks  after  treatment,  the  experimental 
plants  showed  52  per  cent  relative  decrease  in  number  of  roots. 

The  age  of  the  seedling  and  the  hour  of  the  day  when  the  root  tips 
are  most  sensitive  have  been  the  subject  of  some  study.  Seedlings  of 
V.  Faha  48  to  72  hr.  old  appeared  to  be  the  most  sensitive,  according  to 
Patten  and  Wigoder  (47).  Ancel  (2c)  found  that  the  sensitivity  of  root 
seedlings  to  X-rays  continues  to  increase  from  the  appearance  of  the 
embryo  until  the  root  has  attained  a  length  of  about  1  cm.,  and  there- 
after it  decreases. 

Reinhardt  and  Tucker  (51,  51a)  have  reported  that  roentgen  irradia- 
tion during  the  night  is  more  harmful  to  the  growing  seedlings  of  V.  Faha 
than  day  treatment.  Different  groups  of  seedlings  were  treated  each 
hour  for  24  hr.  These,  with  an  equal  number  of  controls,  were  placed 
under  the  same  conditions  of  temperature,  moisture,  and  light.  Measure- 
ments at  the  end  of  two  weeks  showed  that  there  had  been  the  greatest 
retardation  of  growth  and  the  greatest  reduction  in  number  of  side  roots 
in  those  which  were  irradiated  from  9  to  10  a.m.  and  from  10  to  11  p.m. 
There  is  general  agreement  that  cells  in  the  process  of  division  are 
affected  more  than  resting  cells  by  the  same  dose  of  radiation.  In  view 
of  the  fact  that  Kellicott  (25)  has  reported  that  the  periods  of  the  greatest 
cell  division  in  onion  tips  are  at  1  p.m.  and  11  p.m.,  it  seems  reasonable 
that  irradiation  given  the  growing  points  of  seedlings  just  before  these 
periods  would  cause  an  interference  with  the  normal  mitoses.  Jiinghng 
and  Langendorff  (24),  however,  have  reported  that  the  maximum  number 
of  mitoses  in  unrayed  root  tips  occurs  during  the  day.  Investigators  of 
the  cytological  effects  of  X-radiation  might  well  investigate  in  other 
species  the  problem  of  the  time  of  day  when  the  growing  points  of  seed- 
lings are  most  sensitive  to  radiation. 


970  BIOLOGICAL  EFFECTS  OF  RADIATION 

CONDITIONS    AFFECTING    RAY-SENSITIVITY    OF    PLANTS 

Plants  on  the  whole  are  much  more  resistant  to  X-rays  than  are 
animals  or  human  beings.  Some  species  show  a  natural  resistance  to 
radiation  while  others  are  easily  affected.  Komuro  (28,  30),  using  a 
heavy  dose  of  155  H  on  V.  Faha  seeds  before  planting  them  in  the  soil, 
found  that  although  shoots  did  not  appear  above  the  ground,  they 
developed  to  a  certain  extent.  He  believed  it  very  probable  that 
strongly  irradiated  seeds  are  particularly  affected  in  the  plumule  and 
radicle;  the  metabolism  of  these  parts  may  be  so  gradually  modified 
that  at  a  certain  stage  the  seedlings  may  cease  to  develop  at  all.  John- 
son (19)  found  that  irradiation  of  soaked  sunflower  seeds  with  a  very 
heavy  dose  (30  E.)  did  not  kill  the  embryos,  but  that  the  seedlings  died 
soon  after  the  cotyledons  appeared  above  the  soil. 

Russ  (55)  as  early  as  1919  declared  that  the  effects  of  radiation  are 
selective;  a  dose  which  will  destroy  one  type  of  cell  may  be  without 
effect  upon  cells  of  a  different  variety. 

Jiingling  (23),  a  year  later,  called  attention  to  the  fact  that  sensitivity 
to  radiation  varies  with  different  species  of  plants  and  that  sensitivity 
depends  on  the  condition  of  development.  Koernicke  (27),  in  1915, 
wrote  that  roentgen  culture  would  not  be  of  practical  value  in  agriculture 
because  of  variations  in  effect  among  different  species  of  plants  as  well 
as  variations  among  individual  seeds  in  the  same  species.  Others 
(20,  22,  23,  27,  35)  also  have  noted  that  not  only  do  different  species 
react  differently  to  the  same  dose,  but  members  of  the  same  species 
react  differently  according  to  individual  variation  of  the  seeds  and  to 
the  stage  of  development. 

Goodspeed  (12)  found  no  dosage  which  would  prevent  germination 
and  growth  of  tobacco.  Seeds  exposed  continuously  for  3  hr.  to  50  kv. 
and  5  ma.  at  a  distance  of  20  cm,  without  filters  gave,  at  the  end  of  three 
weeks,  a  total  germination  of  over  95  per  cent.  The  initial  rate  of 
germination,  however,  was  retarded.  This  was  mainly  a  transient  effect, 
however,  and  so  far  as  size  and  vigor  at  maturity  were  concerned,  no 
general  effects  of  X-radiation  could  be  seen.  Goodspeed  found  that  the 
mortality  after  treatment  of  seeds  which  have  just  broken  the  seed 
coat  was  very  high,  and  that  the  plants  which  survived  were  usually 
abnormal  throughout  or  obviously  reflected  a  mosaic  of  nuclear  elements 
within.  When  germinating  seeds  or  seedlings  of  tobacco  in  the  coty- 
ledonous  stage  were  radiated,  there  was  no  difficulty  in  producing  lethal 
effects.  Those  plants  which  survived  exhibited  a  permanent  as  well 
as  a  transient  distinction  in  growth  and  form. 

Iven  (17),  who  delayed  planting  irradiated  seeds  for  eight  months, 
found  that  the  same  effects  were  manifest  as  in  those  which  were  sowed 
immediately.     Ancel  (2a),  on  the  contrary,  found  that  allowing    time 
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to  elapse  between  irradiation  and  germination  lowered  the  percentage  of 
germination. 

Many  investigators  (1,  13,  15,  17,  20,  26,  30,  68)  have  noted  the 
increased  susceptibility  of  seeds  to  X-rays  when  they  have  been  soaked 
or  have  started  to  germinate.  Stadler  (63)  claims  that  dormant  barley 
seeds  will  withstand  15  to  20  times  as  heavy  doses  as  germinating  seeds. 
Water  absorption  by  both  seeds  and  seedlings  tends  to  increase  sus- 
ceptibility to  X-rays,  according  to  Petry  (48). 

Russ  (55)  states  that  a  single  large  dose  of  X-rays  has  a  greater  effect 
than  the  same  amount  of  radiation  given  by  repeated  small  doses.  He 
believes  that  the  process  of  repair  can  more  easily  cope  with  feeble  radia- 
tion acting  for  a  long  time  than  with  intense  radiation  acting  for  a  short 
time.  Arntzen  and  Krebs  (6)  find  that  a  single  full  exposure  produces  a 
stronger  biological  effect  on  peas  than  the  same  dose  administered  in  a 
series  of  "divided  doses." 

Lessening  the  effect  of  subsequent  doses  by  giving  a  preceding  lighter 
one  is  called  "  radiophylaxis  "  by  Ancel  and  Lallemand  (5)  and  Lallemand 
(35,  36).  A  light  dose  followed  by  a  medium  one  was  found  to  produce 
less  injury  to  root  tips  of  bean  than  the  application  of  one  dose  of  medium 
intensity.  These  investigators,  after  eight  repetitions  of  experiments 
involving  40  seeds  each,  concluded  that  the  cell  reaction  to  the  first  dose 
had  rendered  it  less  sensitive  to  the  action  of  doses  subsequently  given. 
An  interrupted  dose  had  less  effect  than  the  same  dose  given  all  at  one 
time,  owing  to  the  existence  of  a  radiophylactic  reaction. 

Effects  of  radiation  are  thought  by  some  to  be  influenced  to  a  certain 
extent  by  temperature.  Wemhart  (68)  states  that  the  reaction  of  the 
plant  varies  with  the  temperature  and  humidity.  Promsy  and  Drevon 
(50)  find  that  with  moderately  high  temperature  irradiation  favors 
germination  and  accelerates  the  development  of  plants.  Less  harm  is 
manifested  in  irradiated  material  when  germination  takes  place  at 
20°  to  25°C.  than  when  at  10°  to  14°C.,  according  to  Ancel  (26). 

Weber  (66)  reports  that  forcing  resting  buds  of  Syringa  vulgaris  may 
be  accomplished  by  using  doses  ranging  from  26  to  150  H.  The  former 
dose  will  cause  forcing  after  a  resting  period.  The  use  of  higher  doses  will 
produce  a  necrosis  in  the  basal  region  of  the  bud  causing  the  bud  scales  to 
fall.  Reiss  (52)  agrees  with  Weber  (66)  that  Syringa  buds  are  forced 
if  the  irradiation  is  not  too  strong.  Shoots  are  injured  if  the  dose  is 
beyond  the  optimum.  In  view  of  the  controversy  concerning  the 
stimulatory  effects  of  X-rays,  studies  of  this  nature  should  be  repeated 
and  the  exact  dosages  determined  which  produce  the  so-called  stimulation. 

A  review  of  the  conditions  affecting  the  ray-sensitivity  of  plants 
indicates  that  there  is  considerable  resistance  to  the  rays,  for  even  when 
very  heavy  doses  are  given  seeds,  the  embryo  develops  to  some  extent. 
Not  only  is  there  variation  among  different  species  of  plants,  but  members 
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of  the  same  species  react  in  a  different  manner  according  to  the  individual 
differences  in  the  seeds  and  to  the  stage  of  development.  Soaked  or 
germinating  seeds  are  more  susceptible  to  the  rays  than  dormant  ones. 
Series  of  lighter  doses  seem  to  have  less  biological  effect  than  has  the 
same  dose  given  all  at  one  time.  More  investigations  on  the  influence 
of  temperature  on  the  effects  of  radiation  and  on  the  alleged  forcing  of 
buds  by  the  rays  are  needed  before  definite  conclusions  can  be  drawn. 

EFFECT    ON    RESPIRATION 

Preliminary  experiments  by  Shull  and  Mitchell  (60)  indicate  that 
very  weak  doses  cause  increased  respiration  in  rayed  seedlings.  Bersa 
(76)  and  Johnson  (19)  have  both  found  reduction  in  respiration  when 
medium  to  heavy  doses  were  given.  Bersa  found  that  in  excised  root 
tips  given  a  dose  of  5  H,  ^  to  1  hr.  after  irradiation,  there  occurred  a 
transitory,  weak  acceleration  due  to  a  temporary,  traumatic  effect  of  the 
stimulus;  6  hr.  after  irradiation,  however,  the  respiratory  rate  was  lower 
than  that  of  the  controls.  Joluison  found  that  depressed  respiration 
accompanies  inhibited  growth  of  the  sunflower  resulting  from  heavy 
irradiation. 

EFFECT    ON    PLANT    MOVEMENTS 

Kiister  (34)  has  given  information  concerning  the  effects  of  radiation 
on  the  nyctinastic  and  seismonastic  movements  in  the  bean  and  in 
Mimosa.  His  results  are  contradictory  to  those  of  Seckt  (59)  who  found 
that  radiation  caused  a  folding  of  the  leaflets  of  Mimosa  and  Oxalis. 
Kiister,  in  numerous  carefully  controlled  experiments,  produced  perma- 
nent paralysis  in  both  Phaseolus  vulgaris  and  Mimosa  by  exposing  the 
bases  of  the  petioles  and  bases  of  petiolules  to  the  rays.  The  leaves  were 
paralyzed  only  to  the  extent  that  the  rays  had  touched  them.  The 
action  of  the  pulvinus  at  the  base  of  the  leaflets  was  not  influenced  by 
the  paralysis  at  the  base  of  the  leaf.  This  may  be  shown  by  the  fact 
that  the  stream  of  sap  which  flows  through  the  paralyzed  pulvinus  con- 
tinues up  to  the  leaflet.  Hard  rays  were  found  to  be  more  effective  in 
producing  paralysis  than  soft  ones.  No  difference  was  found  in  the  plant 
response  when  exposures  were  made  at  different  hours;  those  exposed 
in  the  early  morning  responded  similarly  to  those  exposed  at  noon  or  in 
the  afternoon.  Aside  from  paralysis,  the  plant  was  uninjured;  blossom- 
ing and  fruiting  occurred  normally. 

SUMMARY 

The  evidence  presented  in  the  papers  dealing  with  the  physiological 
effects  of  X-rays  indicates  the  injurious  effects  of  medium  and  heavy 
doses.     The  problem  of  the  so-called  stimulative  action  of  light  doses, 
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which  has  been  a  subject  of  controversy  for  35  years,  still  remains  to  be 
solved.  Some  investigators  believe  that  they  have  shown  stimulative 
effects  of  light  doses,  while  others  have  referred  only  to  a  transitory 
acceleration  of  development.  The  majority  of  the  later  workers,  how- 
ever, have  found  that  with  carefully  controlled  experiments  carried  on 
to  maturity,  with  records  taken  at  the  end  of  the  life  cycle,  doses  regarded 
as  stimulative  do  not  regularly  cause  growth  increment  in  vegetative 
parts.  With  comparable  units  of  measurement  available  in  the  use  of 
the  r-units,  within  a  few  years  there  will  undoubtedly  be  agreement  con- 
cerning the  effects  of  light  doses.  The  experimental  evidence  to  date 
seems  to  indicate  that  stems  are  less  sensitive  to  the  action  of  the  rays 
than  roots;  lateral  roots  are  much  more  susceptible  than  the  main  ones. 
Dry  seeds  are  particularly  resistant  to  the  rays;  even  extremely  heavy 
doses  do  not  prevent  the  cotyledons  from  appearing.  The  effects  are 
materially  influenced  by  the  stage  of  development;  seedlings  are  much 
more  sensitive  than  dry  seeds.  Respiration  of  rayed  seedlings  parallels 
growth,  that  is,  if  growth  is  retarded,  respiration  is  likewise.  Nyctinastic 
and  seismonastic  movements  are  reported  to  be  inhibited  by  rays  of 
sufficient  intensity. 

MORPHOLOGICAL  AND  HISTOLOGICAL  EFFECTS  OF  X-RADIATION 
MORPHOLOGICAL  EFFECTS   ON  LEAVES,   AERIAL   AND   UNDERGROUND   STEMS 

Morphological  and  histological  effects  accompanying  X-raying  have 
been  almost  universally  noted  in  leaves,  stems,  and  flowers  by  those  who 
have  grown  plants  to  maturity.  The  destructive  action  of  medium  and 
heavy  doses  is  marked  in  many  species.  X-rays  seem  to  kill  certain 
cells  and  leave  others  free  to  proliferate.  Deformed  organs  and  unusual 
branching  then  result. 

Johnson  (19,  20a,  22,  22a)  found  almost  universal  production  of  leaf 
anomalies  unless  the  species  irradiated  was  extremely  ray-resistant. 
Unfolding  leaves  from  seeds  or  seedlings  irradiated  with  medium  or  heavy 
doses  presented  a  peculiar  pebbly  appearance  soon  after  treatment.  As 
the  leaves  grew  older,  light-green  areas  intermingled  with  normal  green 
gave  a  mosaic  or  variegated  aspect.  The  early  leaves  seldom  show^ed 
complete  recovery,  but  those  produced  later  by  these  same  plants 
appeared  normal  in  all  respects.  Anomalies  in  shape  were  frequent. 
Simple  leaves  were  often  notched  at  the  apex,  deeply  forked,  or  occasion- 
ally split  into  two  independent  leaves,  attached  at  the  same  point  on  the 
main  stem.  Many  of  the  leaves  in  the  growing  tip  showed  incurling  and 
ruffling  of  the  margins.  In  a  compound  leaf  such  as  the  tomato,  leaflets 
were  often  twisted  for  one-half  to  one-third  of  their  length ;  in  many  cases, 
for  half  the  length  of  the  leaflet,  the  blade  on  one  side  was  absent.  Fusion 
of  leaf  parts  was  common  and  occasionally  the  widened  base  of  the  leaflet 


974  BIOLOGICAL  EFFECTS  OF  RADIATION 

fused  with  the  main  rachis  so  that  no  petiole  was  present  or  the  tip  edge  of 
the  leaflet  was  attached  to  form  cuplike  structures. 

Rivera  (53)  found  that  irradiation  of  the  castor  bean  caused  retarda- 
tion in  the  development  of  the  shoot.  Subsequent  growth  showed  poorly- 
developed  leaves  with  very  irregular  margins. 

Sprague  and  Lenz  (62) ,  who  irradiated  sprouted  potato  tubers,  noted 
the  peculiar  shape  of  the  first  leaves.  The  tips  appeared  injured  and  the 
blade  seemed  to  be  pinched  in.  Leaf  margins  curled  downward  and 
the  leaf  in  general  appeared  more  glossy  than  normal  leaves.  Later  the 
leaves  became  normal. 

Navashin  (46)  found  that  seedlings  from  soaked  seeds  of  Crepis 
tectorum  showed  marked  influence  of  X-rays  as  early  as  six  days  after 
germination.  Delayed  and  abnormal  development  of  the  first  leaves 
seemed  clearly  connected  with  the  dosage  employed.  Johnson  (20) 
found  that  the  cotyledons  were  little  affected  by  radiation.  However, 
irregularities  in  number  and  size  of  cotyledons  as  well  as  anomalies  in 
leaf  shape  were  evident  in  cotton  seedlings  irradiated  by  Horlacher  and 
Killough  (16).  Numerous  irregularities  in  leaf  color,  including  a  sectorial 
chimera,  were  noted. 

Development  of  axillary  buds  following  irradiation  was  reported  by 
Ancel  (3a)  who  exposed  growing  tip  cells  to  the  rays  but  protected  roots 
by  a  layer  of  leaded  caoutchouc.  Growth  activity  was  transferred  to 
the  axillary  buds. 

Rivera  (54)  wrote  of  "buds  of  restitution"  which  follow  the  initial 
arrest  of  development.  He  reported  the  accelerated  development  as 
stimulation,  and  believed  that  he  had  found  doses  which  stimulated 
development  of  the  aerial  parts  as  well  as  the  roots. 

Excessive  branching  of  stems  of  irradiated  seedlings  and  stem  fascia- 
tion  have  been  described  by  Johnson  (19,  21)  for  species  of  Helianthus 
and  Ly coper sicon.  In  fact,  many  ray-susceptible  plants  showed  this 
character  after  treatment.  Stems  showed  fasciation  three  weeks  after 
irradiation;  they  were  generally  cylindrical  at  the  base,  but  the  apex 
was  diffusely  branched.  The  stems  after  becoming  flattened  usually 
showed  splittings  somewhere  along  their  lengths;  the  resulting  branches 
sometimes  remained  unfasciated,  but  in  many  cases  they  themselves 
became  divided  again.  Grooves  appeared  in  portions  of  the  stem. 
Dichotomous  branching  often  occurred  in  the  sunflower  50  to  90  cm. 
from  the  stem  base;  further  splitting  of  the  stem  occurred  with  six  or 
more  tips  becoming  evident.  The  percentage  of  fasciated  stems  increased 
with  an  increase  of  dosage  given  to  young  seedlings. 

Tomato  plants  receiving  medium  dosage  of  X-rays  developed  many 
lateral  branches  which  caused  them  to  assume  a  bushy  appearance. 
Increase  in  branch  development  was  found  to  be  from  27  to  65  per  cent 
greater  in  the  irradiated  plants  than  in  the  controls.     Other  plants  which 
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showed  excessive  branching  when  the  young  seedUngs  were  irradiated 
inchided:  Agrostemma,  Dianthus,  Viscaria,  Gilia,  Alonsa,  Matihiola, 
Impatiens,  and  Linum. 

Greater  development  of  axillary  buds  of  underground  stems  was 
claimed  by  Morgan  (43),  who  found  on  raying  Freesia  corms  that  those 
receiving  lighter  doses  produced  a  greater  number  of  plants  per  pot. 
While  each  control  corm  produced  but  a  single  plant,  as  many  as  five 
shoots  were  produced  by  a  single  X-rayed  corm.  Usually  only  the  top 
bud  developed  while  the  others  were  aborted.  Morgan  believes  that 
raying  stimulates  the  growth  of  buds  other  than  the  apical  one.  With  a 
heavy  dose,  retarding  effects  on  growth  were  evident. 

Scaglia  and  Businco  (56)  found  that  when  hyacinth  bulbs  were  irradi- 
ated with  increasing  dosages  of  X-rays,  one  or  more  examples  out  of  every 
group  showed  a  greater  development  than  the  controls.  Johnson  (22a), 
using  3500  r-units  on  paper-white  narcissus  bulbs,  found  that  the  number 
of  shoots  from  the  treated  bulbs  was  approximately  the  same  as  in  the 
controls,  but  that  the  former  showed  over  50  per  cent  decrease  in  height 
of  the  shoot.  The  average  number  of  leaves  per  bulb  was  somewhat  lower 
in  the  rayed  specimens. 

The  tobacco  plants  studied  by  Goodspeed  (12)  which  survived  treat- 
ment were  usually  abnormal  throughout.  Differences  in  growth  rate, 
habit,  leaf  form,  and  in  fertility  between  treated  and  controls  were 
evident.  "A  certain  amount  of  this  variation,"  Goodspeed  and  Olsen 
(14)  believe,  "is  a  consequence  of  disturbance  of  mitotic  or  meiotic 
elements  or  mechanisms,  the  results  of  wiiich  are  visible,  possibly  cyto- 
plasmic in  origin  and  directly  referable  to  the  particular  character  of 
the  treatment."  In  some  cases,  the  normal  appearance  of  the  young 
plant  may  be  the  result  of  the  replacement  of  an  abnormal  by  a  normal 
axis  following  the  proliferation  of  an  apparently  unaffected,  lateral  bud. 
Goodspeed  figures  plants  from  X-rayed  seedlings  showing  dwarf  habit, 
abnormally  narrow,  lanceolate  leaves  with  irregular  and  weak  venation, 
often  notched  at  the  top  or  split  for  more  than  half  the  length.  Variations 
in  flower  color,  form,  and  fertility  were  also  evident. 

X-rayed  barley  seedlings  do  not  produce  anomalies  conspicuous  in 
most  other  plants,  according  to  Stadler  (63)  who  reported  that  in  a 
careful  examination  of  23,000  treated  plants  he  found  only  two  variations 
affecting  the  tillers  directly.  In  one  plant,  two  of  its  tillers  had  distinct, 
broad,  yellow  stripes  on  the  leaf  blades  and  sheath;  the  other  plant  had 
a  similar  yellow  stripe  on  the  upper  sheath  and  blade  of  the  main  stalk, 
beginning  as  a  narrow  line  but  broadening  on  the  upper  leaves  and  appear- 
ing on  several  spikelets  of  the  head.  The  seeds  of  these  spikelets  gave 
yellow,  green,  and  sectorially  yellow-and-green  plants.  Stadler  also 
reported  the  occurrence  of  mutant  seedling  characters,  many  of  which 
were  chlorophyll  abnormalities. 
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Freesia  plants  produced  from  irradiated  bulbs  showed  irregularities 
in  the  texture  of  the  leaf,  stem,  and  flower  which  Morgan  (43)  described 
as  suggestive  of  "crepe  cloth."  Light  and  dark  areas  in  stem  and  leaves 
indicated  chlorophyll  disturbances.  Growth  irregularities  caused  curling 
and  twisting  of  leaves  and  stems  and  splitting  and  deformities  of 
flowers. 

MORPHOLOGICAL    EFFECTS    ON    FLOWER    AND    FRUIT    DEVELOPMENT 

Moore  and  Haskins  (42)  have  reported  premature  flowering  of  grape- 
fruit plants  from  X-rayed  seeds.  Buds  in  two  plants  appeared  two 
months  after  irradiation.  A  small  but  normal  flower  was  produced  by 
one,  while  the  other  was  imperfectly  pigmented.  A  repetition  of  this 
experiment  with  many  controls  and  treated  plants  would  be  necessary 
before  it  could  be  definitely  concluded  that  X-rays  produce  premature 
flowering.  Genera  in  which  Johnson  (22a)  has  found  retarded  blossoming 
include  the  following:  Rhodanthe,  Dianthus,  Gilia,  Nemesia,  Statice, 
Schizanthus,  Acroclinium,  Helianthus,  and  Lycopersicon. 

Fasciation  of  the  flower  head  of  sunflower  resulting  from  irradiation 
in  the  seedling  stage  has  been  reported  by  Johnson  (19).  Fusion  some- 
times took  place  in  the  involucral  region,  giving  the  appearance  of  twin 
heads,  or  occasionally  there  was  forking  of  the  stalk  below  the  involucre, 
with  two  or  three  distinct  heads  resulting. 

Abnormalities  of  floral  parts,  including  production  of  double  blossoms, 
were  found  (21)  to  occur  in  tomato  plants  which  were  irradiated  three 
times  previous  to  the  blossoming  period.  If,  however,  irradiation  was 
given  at  time  of  budding,  when  there  had  been  no  previous  dose,  the 
buds  were  abscissed.  Later  growth  might  produce  blossoms,  some  of 
which  were  normal  while  others  were  double  or  triple.  Plants  irradiated 
during  their  early  seedling  stages  showed  delayed  fruit  development. 
In  plants  irradiated  with  one  medium  dose  just  before  blossoming,  com- 
plete sterility  was  present  for  a  time.  Later  the  new  growth  produced 
small  abnormal  fruits  on  25  per  cent  of  the  plants  as  compared  with 
100  per  cent  fruit  production  of  the  controls.  Fruits  which  did  develop 
on  the  irradiated  plants  had  a  lack  of  definite  internal  pattern.  The 
])lacenta  and  core  showed  abnormal  development  and  there  was  an  almost 
total  absence  of  seeds.  Pockets  formed  in  the  pericarp  of  fruits  from 
irradiated  plants  were  not  found  in  the  controls. 

Goodspeed  (13)  noted  that  in  Nicotiana  Langsdorffii  all  buds  of  the 
terminal  inflorescence  were  abscissed  immediately  after  treatment  and 
all  the  first  flowers  on  the  laterals  were  abnormal.  Both  abnormal  and 
normal  flowers  set  full  capsules  of  seeds.  He  suggests  that  the  relation 
of  irradiation  to  the  abscission  reaction  and  factors  controlling  or 
modifying  it  should  provide  an  interesting  field  for  carefully  controlled 
investigation. 
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McKay  and  Goodspeed  (38),  working  with  cotton,  found  that  in 
fruits  obtained  from  X-rayed  pollen  and  untreated  eggs  there  was  a 
decrease  in  number  of  seeds  per  fruit  as  the  dosage  became  heavier. 
Only  21  plants  were  produced  from  over  150  seeds,  giving  further  evidence 
that  sterility  is  a  by-product  of  X-ray  treatment.  These  same  authors 
reported  that  striking  morphological  alterations  were  carried  over  to 
the  next  generation,  for  they  were  found  in  cotton  plants  produced  by 
seed  from  plants  derived  from  X-rayed  pollen  and  untreated  eggs. 
Some  of  these  alterations  were  the  presence  of  twisted  and  deformed 
stigmas,  anastomosing  leaf  veins,  peculiarities  in  leaf  shape,  fasciated 
and  enlarged  stems,  incomplete  flowers,  and  dwarfness  in  habit. 

HISTOLOGICAL    EFFECTS 

The  comparatively  few  writers  who  have  investigated  the  histological 
changes  which  occur  in  tissues  subjected  to  X-radiation  have  concluded 
that  the  stems  of  treated  plants  show  an  early  maturity,  as  indicated  by 
the  advanced  development  of  woody  tissues. 

Altmann,  Rochlin,  and  Gleichgewicht  (1),  in  making  a  microscopic 
examination  of  the  irradiated  stems  of  Phaseolus  vulgaris,  found  a  greater 
development  of  mechanical  tissue  than  was  present  in  the  controls. 
The  xylem  w^as  increased  at  the  expense  of  the  pith.  Similar  results  were 
reported  by  Johnson  (19)  who  found  that  an  increase  of  xylem  with  a 
corresponding  decrease  of  pith  cells  was  apparent  in  the  hypocotyl 
region  of  mature  Helianthus  plants  grown  from  irradiated  seeds.  In 
cross  sections  from  the  hypocotyl  regions  of  irradiated  material,  the  pith 
cells  were  much  smaller  in  diameter  and  were  thicker  walled  than  in 
control  stems.  The  elements  of  the  xylem  in  the  former  were  much 
smaller  in  diameter  and  were  arranged  more  compactly.  Even  in 
seedlings  nine  days  old,  a  striking  difference  was  shown  in  the  amount 
and  character  of  xylem.  There  was  a  much  greater  percentage  of  xylem 
in  the  irradiated  specimens,  with  individual  cells  showing  a  similarity  in 
size  rather  than  the  wide  diversity  in  size  of  cells  which  is  typical  for 
xylem  of  young  Helianthus  stems.  Miege  and  Coupe  (41)  likewise  found 
the  vascular  tissue  of  Raphanus  and  Lepidium  more  developed  in  rayed 
plants. 

Tissues  of  irradiated  roots  of  V.  Faba  early  took  on  a  permanent  aspect, 
according  to  Nakagawa  (44).  The  greatest  changes  occurred  in  the 
growing  point,  including  endodermis  and  dermatogen;  the  plerome 
suffered  least. 

Cross  sections  of  leaves  of  tobacco  plants  from  germinating  seeds 
which  were  X-rayed  exhibited  various  structural  peculiarities,  according 
to  Goodspeed  (12).  Cell  number,  form,  and  arrangement  were  the 
same  in  treated  and  control  plants,  but  increase  in  cell  volumes  in  the 
treated   material   accounted   for   the   abnormal   leaf   thickness.     More 
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histological  studies  of  X-rayed  tissues  should  be  made  in  order  to  better 
understand  the  real  effects  of  the  rays  upon  developing  tissues. 

SUMMARY 

Investigators  who  have  reported  morphological  and  histological 
changes  in  treated  plants  have  emphasized  irregularities  in  leaf  appear- 
ance, anomalies  in  shape  and  margins,  variegations  in  leaf  colors,  includ- 
ing the  appearance  of  chimeras.  They  have  found  that  increased 
development  of  aerial  as  well  as  underground  stems  is  of  common  occur- 
rence in  ray-susceptible  plants  while  fasciations  of  stem  and  flower  heads 
have  been  reported  for  a  few  species.  Raying  of  budded  plants  seems 
to  cause  abscission  of  many  buds;  those  which  do  bloom  and  develop 
fruits  are  usually  abnormal  and  the  fruits  mature  with  a  decreased 
number  of  seeds.  Histological  studies  indicate  the  stems  of  treated 
plants  show  an  early  development  of  xylem  made  at  the  expense  of  the 
pith. 

CYTOLOGICAL  EFFECTS  OF  X-RADIATION 

Lopriore  (37),  in  1898,  found  that  treatment  of  Vallisneria  spiralis 
produced  an  acceleration  of  protoplasmic  streaming  which  was  checked 
by  longer  exposure.  Seckt  (59)  reported  that  exposure  to  X-rays 
distinctly  favored  the  streaming  movement  of  protoplasm  of  Mimosa 
and  Oxalis.  Williams  (69),  working  with  strips  from  the  upper  surface 
of  the  petiole  of  Saxifraga  umbrosa,  found  that  the  circulation  of  cyto- 
plasm was  first  accelerated  by  small  doses  of  the  rays,  but  that  depression 
followed  and  there  was  no  return  to  normal.  There  was  evidence  of  a 
lowering  of  viscosity  of  protoplasm  in  the  early  stages  of  radiation. 
Weber  (67),  on  the  contrary,  reported  that  in  living  plant  cytoplasm  no 
viscosity  changes  appeared  as  primary  effects  of  the  rays.  Vintemberger 
(65)  has  shown  that  the  protoplasm  resists  the  action  of  the  rays,  or  if 
injured  by  their  passage,  it  is  quickly  repaired  under  the  influence  of 
the  nucleus.  The  selective  action  of  the  rays  is  on  the  nucleus  and 
chromatin. 

The  work  of  Jiingling  and  Langendorff  (24)  indicates  that  small 
doses  which  do  not  cause  visible  harm  to  the  root  tips  of  V.  Faha  make  a 
change  in  the  rhythm  of  nuclear  division.  A  curve  constructed  to  show 
the  number  of  mitoses  in  unrayed  root  tips  during  a  period  of  24  hr.  has 
but  a  single  peak  and  is  somewhat  symmetrical.  The  maximum  number 
of  mitoses  occur  during  the  day;  the  minimum,  at  night.  A  similar  daily 
rhythm  in  nuclear  division  of  root  tips  has  been  found  in  the  pea.  After 
irradiation  with  a  relatively  light  dose  of  X-rays,  not  1  maximum  but 
2  maxima  occurred  within  24  hr.  A  curve  showing  3  maxima  was  evident 
when  the  dose  was  doubled.  Retardation  of  growth  was  manifest  and  the 
number  of  defective  divisions  increased  with  heavy  doses.     With  a  dose 
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so  heavy  that  90  per  cent  of  the  roots  were  dead  after  14  days,  the  follow- 
ing occurred:  after  1  hr.,  the  mitosis  number  showed  a  1  per  cent  increase 
which  was  followed  by  a  rapid  decrease;  after  18  hr.,  a  zero  point  was 
reached  where  no  division  occurred  for  6  hr.;  after  60  hr.,  a  second  peak 
was  reached  followed  by  a  minimum  at  the  85th  hour;  the  third  and 
smaller  maximum  was  evident  at  96  hr.,  with  the  third  minimum  at 
144  hr. ;  a  flattening  out  of  the  curve  then  occurred.  In  general,  it  may 
be  stated  that  for  successively  higher  doses,  there  occur  increasingly 
longer  periods  devoid  of  mitoses. 

A  mitotic  decrease  3  hr.  after  irradiation  with  almost  complete 
cessation  after  3  days  was  reported  by  Wigoder  and  Patten  (70).  Cell 
division  was  resumed  after  5  to  8  days  when  many  abnormal,  multi- 
nucleate cells  were  observed. 

Nakagawa  (44)  reported  rare  occurrence  of  mitosis  after  irradiation 
of  sprouted  V.  Faha  seeds.  He  found  it  occurring  only  in  the  growing 
point  where  multinucleate  giant  cells  appeared  45  hr.  after  irradiation. 

Mitotic  irregularities  occur  also  in  leaves  of  X-rayed  plants.  Dis- 
placement and  replacement  of  tissues  may  be  going  on  constantly  to 
produce  leaves  irregular  in  form  with  puckered  and  roughened  surfaces. 
Goodspeed  (12)  suggests  that  in  tobacco  leaves  "the  nucleo-cytoplasm 
ratio  has  apparently  been  altered,  perhaps  as  a  result  of  some  induced 
inhibition  of  mitosis  without  decrease  in  the  growth  capacity  of  the 
protoplast." 

Komuro  (29),  in  1922,  from  his  studies  on  V.  Faha,  concluded  that 
heavy  doses  of  X-rays  upon  the  seeds  cause  an  abnormal  condition  in 
cells  of  the  radicle.  In  preparations  which  Komuro  (32)  made  of  root 
tips  of  V.  Faha,  13^  hr.  after  an  irradiation  of  1  hr.,  vacuolization  of 
cytoplasm  was  apparent  and  all  observed  mitoses  were  abnormal.  Nine 
hours  after  irradiation,  binucleate  cells,  giant  nuclei,  and  multinucleolar 
nuclei  were  found.  He  (31)  later  confirmed  his  earlier  results  and 
reported  additional  degenerative  phenomena  occurring  in  roots  of 
V.  Faha:  irregular  distribution  of  chromosomes,  change  in  form  and 
contents  of  the  nucleus;  appearance  of  multinucleate  cells;  a  tearing 
away  of  the  protoplast  from  the  cell  wall;  vacuolization  of  both  nucleolus 
and  cytoplasm;  dissolution  of  cell  nucleus;  thickening  by  contraction  of 
the  nucleus  such  as  occurs  during  the  degeneration  of  a  cell.  He  writes: 
"It  may  safely  be  said  that  irradiation  of  X-rays  upon  the  seeds,  seedlings, 
and  young  plants  of  Vicia  Faha  leads  the  cells  of  the  vigorous  growing 
plant  to  a  diseased  or  senescent  condition  resembling  that  of  malignant 
tumor  cells  and  then  to  the  end  of  cell  life."  The  soft  rays  exert  a 
much  stronger  physiological  and  cytological  effect  than  do  the  hard 
rays,  according  to  Komuro  (33).  In  young  plants,  cytological  alterations 
take  place  immediately  after  treatment  with  soft  rays;  in  case  of  hard 
rays,  several  hours  later. 
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Rearrangement  or  translocation  and  losses  of  portions  of  the  chromo- 
some complement  occur  with  very  high  frequency  as  a  consequence  of 
X-ray  treatment — thus,  Stadler  (64)  concluded  from  his  studies  on  Zea 
Mays.  In  both  translocation  and  dej&ciency,  a  part  of  a  chromosome 
is  separated  from  the  remainder;  in  deficiency,  this  section  is  lost,  while 
in  translocation  it  becomes  attached  to  another  chromosome  or  section. 
Deficiency  may  involve  a  section  of  an  entire  chromosome  and  may  be 
single  or  multiple;  translocation,  whether  simple  or  reciprocal,  may 
involve  one  or  more  transfers  or  interchanges.  Combinations  of  defi- 
ciency and  translocation  also  may  occur. 

Recent  work  by  Narimatsu  (45)  on  V.  Faba,  which  confirmed  results 
of  certain  authors  mentioned  previously,  indicated  that  with  weak 
irradiation  there  was  no  marked  abnormality  in  cell  arrangement  as 
compared  with  the  nonirradiated  group.  The  most  marked  change 
was  in  the  cell  nucleus  where  mitoses  were  decreased.  Degenerative 
changes  and  swelling  of  the  cell  body  were  more  pronounced  with  medium 
irradiation,  and  abnormal  cell  arrangement  occurred.  With  strong 
irradiation,  swelling  of  the  cell  body  took  place  and  almost  no  structure 
was  observed  in  the  protoplasm.  No  mitoses  were  observed  and  the 
nuclei  were  swollen  and  degenerated.  Narimatsu  (45)  concluded  that  the 
change  in  cell  arrangement  was  not  a  direct  result  of  irradiation  but  was 
secondary  to  change  in  the  nucleus,  since  the  part  first  affected  is  the 
nucleus. 

Bersa  (7a)  concludes  that  so-called  ray-resistant  and  ray-susceptible 
plants  behave  similarly  cytologically.  X-rays  cause  depression  in 
frequency  of  nuclear  division;  the  stronger  the  rays,  the  greater  the 
depression.  Prophases  suffer  only  temporarily  a  stronger  depression, 
which  indicates  that  the  rays  delay  appearance  of  division  phases  from 
the  resting  nuclei.  Bersa  did  not  observe  abnormal  mitoses  until  36  hr. 
after  irradiation. 

There  seems  to  be  general  agreement  that  cells  of  the  growing  tip  are 
more  sensitive  to  the  action  of  the  rays  than  those  of  other  regions.  The 
nucleus  is  more  ray-sensitive  than  the  cytoplasm;  hence  it  is  suggested 
that  there  may  be  an  alteration  in  the  nucleus-cytoplasm  ratio  when 
mitoses  are  decreased  without  a  proportional  decrease  in  the  amount  of 
protoplasm.  Mitotic  irregularities  occur  in  the  leaves  as  well  as  in  the 
growing  points  of  stems  and  roots.  Numerous  chromosomal  irregulari- 
ties, including  rearrangement  or  translocation  of  portions  of  chromo- 
somes, are  evident  after  heavy  irradiation. 

GENERAL  SUMMARY 

The  investigations  reviewed  in  this  paper  have  dealt  with  the  physio- 
logical, morphological,  histological,  and  cytological  aspects  of  the  effects 
of  X-radiation  on  green  plants.     In  spite  of  the  large  number  of  publica- 
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tions,  there  is  still  a  need  for  careful  experimentation  in  order  that  there 
may  be  agreement  on  certain  essential  points.  The  majority  of  investiga- 
tors working  on  physiological  phases  of  this  problem  have  agreed  that 
seed  germination  is  not  greatly  influenced  by  X-rays  and  that  medium 
to  heavy  doses  cause  injury  to  roots,  stems,  leaves,  flowers,  and  fruits. 
While  some  believe  that  they  can  induce  increased  growth  with  light 
doses,  others  are  equally  certain  that  no  such  stimulation  occurs. 

Before  the  use  of  the  dosimeter  which  gives  an  accurate  measure  of  the 
ray  intensity  in  r-units,  there  was  no  certainty  that  one  experimenter 
could  reproduce  the  dosage  used  by  another.  At  present,  however,  if  the 
nimiber  of  r-units  delivered  during  the  exposure  is  given  together  with 
the  voltage  and  filtration,  the  same  dose  can  be  duplicated  on  another 
machine.  With  more  general  use  of  this  unit  of  dosage,  more  accurate 
information  concerning  the  effects  of  light  doses  should  be  forthcoming. 

Other  factors  contributing  to  differences  in  conclusions  have  been 
the  use  of  seeds  or  plants  so  few  in  number  that  individual  differences 
invalidate  the  results;  conclusions  were  sometimes  drawn  from  experi- 
ments performed  but  once;  statements  of  results  in  growth  experiments 
were  often  based  on  observations  for  very  short  periods  of  time  so  that 
it  was  not  possible  to  tell  of  effects  appearing  during  later  development. 

The  question  of  sensitivity  is  important  for  the  biologist  as  well  as  for 
one  interested  in  radiotherapy.  Investigators  have  found  that  different 
species  as  well  as  different  individuals  of  the  same  species  vary  in  their 
reactions  to  the  rays.  Some  are  particularly  ray-sensitive.  It  is  difficult 
to  give  a  reason  for  the  variation  in  response  among  different  kinds  of 
cells  and  in  the  same  cell  at  different  periods  for,  at  the  present  time, 
we  know  too  little  concerning  the  nature  of  the  changes  which  radiation 
produces.  Sensitivity  is  thought  to  vary  with  the  metabolic  rate  and 
with  the  amount  of  water  present  in  the  seed  or  plant  tissue.  Soaked 
or  germinating  seeds  are  much  more  susceptible  to  the  rays  than 
are  resting  cells.  Respiration  of  rayed  seedlings  seems  to  parallel 
growth. 

An  interrupted  dose  has  less  effect  than  the  same  dose  given  all  at 
one  time,  owing  to  the  existence  of  a  "  radiophylactic  "  reaction.  Little 
is  known  of  the  amount  of  energy  which  the  cell  absorbs.  Some  investi- 
gators have  found  that  X-ray  beams  of  equal  intensity  have  the  same 
biological  effects  irrespective  of  wave-length,  while  others  believe  that 
the  long  wave-lengths  are  harmful.  It  is  to  be  hoped  that  future  studies 
will  give  accurate  information  on  this  question  as  well  as  on  the  much 
debated  question  of  stimulation  with  light  doses. 

Irregularities  in  shape,  texture,  and  color  of  leaves  developing  from 
X-rayed  material  are  of  common  occurrence.  In  general,  blossoming  is 
delayed  and,  if  plants  have  been  treated  after  buds  are  formed,  abnormal 
flowers  and  fruits  result.     Histological  studies  of  stems  indicate  that 
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treated  plants  show  vascular  tissue  which  is  more  mature  than  in  control 
stems  of  equal  age. 

Cells  of  the  growing  tip  are  more  sensitive  to  the  rays  than  those  of 
other  regions;  the  nucleus  is  more  sensitive  than  the  cytoplasm.  Many 
chromosomal  irregularities  are  apparent  after  irradiation. 
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THE  EFFECTS  OF  RADIUM  RAYS  ON  PLANTS 

A  Brief  Resume  of  the  More  Important  Payers  from  1901  to  1932 

C.  Stuart  Gager 
Brooklyn  Botanic  Garden 

The  discovery  of  X-rays  by  Rontgen  in  1896  was  followed  in  the  same 
year  by  Becquerel's  discovery  that  the  various  salts  of  uranium  possess  a 
hitherto  unknown  property  of  spontaneous  radioactivity.  After  this 
discovery,  M.  and  Mme.  Curie,  of  Paris,  began  to  examine  different 
minerals  containing  uranium  and  found  that  of  some  13  examined  all 
gave  off  what  were  then  called  "Becquerel  rays."  The  Curies  concen- 
trated their  investigations  on  pitchblende,  the  most  active  of  the  uranium 
compounds  studied,  and  in  1898  isolated  -polonium  and  proposed  the  new 
term,  radioactive.  Later  in  the  same  year  appeared  the  epoch-making 
paper  by  the  Curies  and  Bemont  announcing  the  discovery  of  radium. 

From  that  date  to  the  present,  there  has  persisted  in  physiological 
circles  an  unfortunate  misunderstanding  as  to  just  what  radioactivity  is. 
Perhaps,  therefore,  it  may  not  be  amiss  to  state  here  that  the  element 
radium  gives  off  three  types  of  radiation  which  penetrate  objects  opaque 
to  the  rays  of  the  solar  spectrum.  These  are:  the  alpha  rays  (streams  of 
particles  bearing  a  positive  electrical  charge),  beta  rays  (streams  of 
electrons,  bearing  a  negative  charge),  and  gamma  rays  (a  penetrating 
type  of  X-ray).  In  addition  to  these  three  types  of  rays,  radium  also 
gives  off  a  chemically  inert,  radioactive  gas.  This  is  the  emanation, 
more  recently  christened  emanium.  The  atom  of  the  emanation  gives 
off  only  alpha  rays. 

It  was  about  three  years  after  the  discovery  of  radium  was  announced 
before  what  is  possibly  the  first  paper  appeared  reporting  experiments  on 
the  effect  of  radium  rays  on  living  organisms.  This  was  a  paper  by 
Becquerel  who  reported  in  1901  that  an  exposure  of  a  week  or  more  to 
radium  rays  destroyed  the  germinating  power  of  seeds  of  cress  and  white 
mustard.  Negative  results  followed  an  exposure  of  only  24  hr.  The 
experiments  were  made  in  Becquerel's  laboratory  by  Louis  Matout. 

Between  Becquerel's  pioneer  paper  and  the  year  1908,  more  than  100 
papers  were  published  reporting  the  results  of  investigations  of  the 
effects  of  radium  rays  on  living  plants.  Most  of  these  papers  were  cited 
and  summarized  by  the  writer  in  a  memoir  (25)  on  the  Effects  of  the 
Rays  of  Radium  on  Plants.     This  memoir  was  referred  to  by  Richards  in 
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1915  as  marking  the  end  of  the  pioneer  stage  of  investigations  of  the 
biological  effects  of  radium  rays. 

The  results  published  between  1901  and  1908  (26,  page  69)  have  been 
summarized  as  follows: 

1.  Radium  raj's  have  the  power  to  modify  the  life  processes  of  both  plants  and 
animals. 

2.  Roentgen  and  radium  rays  produce  similar  physiological  results. 

3.  Sensitiveness  to  these  rays  varies  with  the  species  of  either  plant  or  animal. 

4.  Younger,  and  especially  embryonic,  tissues  are  more  sensitive  than  those  more 
mature. 

5.  With  only  one  or  two  exceptions,  exposure  to  radium  rays  has  been  found 
either  to  retard  or  to  completely  inhibit  all  cell  activities.  The  rays  may  cause 
irregularities  in  mitosis. 

6.  Experimental  evidence  for  or  against  the  existence  of  a  radiotropic  response  is 
conflicting. 

7.  Whatever  the  immediate,  internal  change  produced  in  the  protoplast  may  be, 
the  result,  with  animals  as  well  as  with  plants,  appears  to  be  more  or  less  profoundly 
modified  by  the  presence  of  chlorophyll  in  the  cell. 

8.  Radium  rays  appear  to  retard  the  activity  of  enzymes. 

In  Chap.  II  of  this  memoir,  the  then  existing  literature  was  reviewed 
showing  that  radioactivity  and  free  electrons  are  a  part  of  the  normal 
environment  of  probably  every  plant.  The  new  work  reported  included 
a  study  of  the  effect  of  the  rays  of  radium  and  of  its  radioactive  emanation 
on  various  physiological  processes  of  plants,  as  follows:  (a)  germination 
of  seeds ;  (6)  growth ;  (c)  photosynthesis ;  {d)  conversion  of  sugar  to  starch 
in  plant  tissues  in  darkness;  (e)  respiration  (aerobic  and  anaerobic); 
(/)  alcoholic  fermentation;  {g)  tropistic  response;  {h)  nuclear  division. 

In  addition,  studies  were  made  of  histological  modifications  produced 
by  exposing  growing  roots,  stems,  and  leaves,  including  nuclear  structure, 
and  also  effects  that  followed  the  exposure  of  germ  cells  to  the  rays. 

It  would  appear  that  in  this  memoir  there  was  reported  for  the  first 
time  experimental  evidence  that  the  rays  of  radium  may,  under  suitable 
conditions  of  exposure,  induce  an  acceleration  of  vital  functions.  Thus, 
by  inserting  a  sealed  glass  tube  of  radium  bromide  into  soil  at  suitable 
distances  from  newly  planted  seeds  their  germination  and  the  subsequent 
growth  of  the  seedlings  were  markedly  accelerated.  Only  retardation  or 
cessation  of  germination  and  growth,  or  the  killing  of  the  seeds,  had 
hitherto  been  reported.  It  was  found  that  the  processes  of  respiration 
and  alcoholic  fermentation  might  be  greatly  accelerated.  Previously, 
Dixon  and  Wigham  (in  1904)  reported  that  exposure  to  the  rays  checked 
the  action  of  enzymes,  and  Micheels  and  de  Heen  (in  1905)  observed  that 
the  rays  retarded  respiration.  Guilleminot,  in  1907,  referred  to  an 
accelerating  action,  if  such  exists. 

The  experimental  results  led  to  the  broad  generalization  that  radium 
rays  act  not,  for  example,  like  a  stroke  of  lightning  or  immersion  in  boiling 
water,  but  as  a  true  stimulus  to  metabolism.     "If  this  stimulus  ranges 
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between  minimum  and  optimum  points,  all  metabolic  activities,  whether 
constructive  or  destructive,  are  accelerated;  but  if  the  stimulus  increases 
from  the  optimum  toward  the  maximum  point  it  becomes  an  over- 
stimulus,  and  all  metabolic  activities  are  depressed  and  finally  completely 
inhibited.  Beyond  a  certain  point  of  overstimulus  recovery  is  impossible, 
and  death  results." 

A  second  broad  generalization  was  also  stated  as  follows:  "If  the 
living  matter  itself  is  directly  affected  by  the  rays  it  is  difficult  to  conceive 
how  any  one  function  could  be  modified  without  the  others  being  affected 
for,  with  long  periods  of  exposure  ...  to  rays  of  high  activity  ...  it  is 
certain  that  the  protoplasm  will  have  its  vitality  partially  or  wholly 
destroyed,^  and  all  'vital'  processes  correspondingly  modified  or  stopped. 
But,  on  the  other  hand,  the  modification  or  total  inhibition  of  any  one 
process  does  not  necessarily  indicate  that  the  living  matter  has  been 
directly  affected,  for  such  a  condition  would  result,  if,  as  in  the  case  of 
the  resting  seed,  the  rays  destroyed  an  enzyme  essential  to  the  completion 
of  some  function." 

Besides  demonstrating  that  radium  rays  act  as  a  true  stimulus,  the 
work  referred  to  served  to  suggest  the  direction  that  future  investigations 
should  take.  Of  course,  after  anything  has  been  found  to  act  as  a 
stimulus,  the  effects  of  subjecting  living  organisms  to  it  may  be  predicted 
along  broad  lines  (acceleration,  retardation,  inhibition  of  functions,  or 
killing  the  tissue  or  organism),  but  these  effects  need  to  be  worked  out  in 
detail,  stated  quantitatively,  analyzed  as  to  modus  operandi,  and  practical 
applications,  if  any,  pointed  out  and  tested. 

In  a  later  paper  Gager  (26)  reviewed  the  more  important  literature 
that  had  appeared  between  1908  and  1916.  In  a  work  appearing  first 
in  1915,  revised  in  1924,  Colwell  and  Russ  (17)  devote  two  chapters  to 
plant  material,  but  the  survey  is  inadequate,  and  no  attention  is  given 
to  American  literature.  Up  to  1908  certain  crudities  were  inevitable. 
No  precise  quantitative  method  had  been  devised  for  expressing  the 
radioactive  strength  of  radioactive  compounds.  There  was  no  universally 
recognized  unit  of  radioactivity.  Preparations  of  radium  bromide  in 
sealed  glass  tubes  were  indicated  as  having  various  "activities,"  e.g., 
10,000,  1,500,000,  1,800,000,  meaning  that  the  preparation  was  that 
much  stronger  than  an  equal  weight  of  uranium,  for  Eve  had  shown  that 
the  activity  of  radium  is  a  function  of  the  amount  present.  Rutherford 
had  shown  that  the  intensity  of  activity  did  not  vary  with  the  concentra- 
tion of  the  salt.  In  his  experiments,  "a  distribvition  of  radiating  matter 
over  a  thousand  times  its  original  volume  has  no  appreciable  influence  on 
its  original  activity." 

But  there  was  no  precise  manner  of  designating  the  dosage  at  varying 
distances  of  the  active  preparation  from  the  plant,  or  of  taking  account 

1  This  would  have  been  differently  worded  at  the  present  time. 
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of  the  effect  of  the  thickness  or  material  of  the  wall  of  the  container. 
In  other  words,  precise  quantitative  work  was  impossible.  Technique 
had  also  not  been  perfected  for  dijfferential  tests  of  the  three  different 
types  of  rays — alpha,  beta,  and  gamma. 

Guilleminot  had  recognized  this  need  in  1907,  and  proposed  as  a 
unit  of  intensity  (M)  of  the  field  of  irradiation  the  quadruple  of  the 
intensity  producing  the  same  luminescence  as  a  standard  of  0.02  gm.  of 
radium  bromide  of  500,000  activity,^  spread  over  a  circular  surface  of 
1  cm.  in  diameter,  and  placed  at  a  distance  of  2  cm.  from  the  phosphores- 
cent surface.  Then  the  unit  of  quantity  of  radiation  will  be  the  quantity 
acting  for  1  min.  when  the  field  has  one  unit  of  intensity.  Investigations, 
however,  were  carried  on  from  1908  to  1916  with  and  without  (mostly 
without)  reference  to  this  unit. 

In  1905,  Dr.  H.  Mache,  of  Vienna,  studied  the  radioactivity  of  springs 
and  ri\-ers  of  Bohemia  and  Austria.  This  radioactivity,  of  course,  is  very 
weak,  and  Mache  proposed  and  defined  a  mass  unit  of  the  concentration  of 
the  emanation  found  in  springs,  etc.  If  the  quantity  of  emanation  found 
in  one  liter  of  the  water  tested  is  passed  through  an  electroscope  and  the 
radiation  given  off  can  maintain  a  saturation  stream  of  1  X  10~'  elec- 
trostatic units,  then  the  water  has  an  emanation  content  of  one  Mache 
unit  (1  ME).  1  ME  =  3.64  X  lO-^"  curie/liter.  There  was  later 
proposed  for  the  concentration  of  emanation  the  unit,  1  "Eman" 
(=  10-10  curie/liter). 

In  1910  the  International  Congress  for  Radiology  and  Electricity, 
Brussels,  proposed  as  the  unit  of  radium  emanation  the  amount  of 
emanation  in  an  enclosed  container  which  is  in  equilibrium  with  1  gm.  of 
metallic  radium.  This  unit  was  called  a  airie  after  M.  Curie,  who  was  the 
first  to  devise  a  quantitative  method  of  measuring  the  emanation.  One 
Mache  unit  =  4  X  lO'"^''  curie  or  4  X  10"^  millicurie.  A  millicurie  and  a 
microcurie  are  the  quantities  corresponding  respectively  to  1  mg.  and 
0.001  mg. 

Since  the  paper  of  Gager  (26)  is  readily  available,  it  is  not  essential 
here  to  review  the  literature  of  that  period  in  detail.  Because  of  its 
bearing  on  the  subject  of  photosynthesis,  mention  should  be  made, 
however,  of  the  work  of  Stoklasa,  Sebor,  and  Zdobnick^  (84)  in  1911  and 
1913,  who  reported  that  "under  the  influence  of  the  emanation  of  radium, 
hydrogen,  and  carbonic  acid,  in  the  presence  of  potassium  bicarbonate, 
react  to  form  formic  aldehyde  which,  on  contact  with  potassium,  polymer- 
izes and  gives  reducing  sugars"  (see  84,  page  648).  Whether  or  not 
radioactivity  is  involved  as  an  essential  factor  in  the  normal  process  of 
photosynthesis  has  never  been  demonstrated. 

In  the  earlier  work  it  was  determined  that  embryonic  tissue  {e.g., 
cambium)  is  more  sensitive  to  the  rays  than  mature  differentiated  tissue, 

^  That  is,  in  terms  of  an  oqual  weight  of  uranium. 
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and  Gager  (26)  called  attention  to  the  importance  of  this  fact  in  connec- 
tion with  the  medical  use  of  radium,  especially  in  the  treatment  of  cancers 
and  tumors,  whose  growth  might  possibly  be  promoted  instead  of  retarded 
under  certain  conditions  of  exposure  to  the  rays.  It  was  also  pointed 
out  that,  since  cambium  is  specially  susceptible  to  injury  by  radium  rays, 
no  hope  could  be  entertained  of  controlling  the  chestnut-blight  fungus 
[Endothia  'parasitica  (Murrill)  And.]  by  injecting  radioactive  solutions 
into  chestnut  trees. 

The  possibility  that  crop  production  might  be  increased  by  adding 
radioactive  substances  to  the  soil,  either  with  or  without  ordinary 
fertilizers,  naturally  aroused  considerable  interest.  Ewart's  experiments 
in  Australia,  in  1912,  led  him  to  the  conclusion  that  a  radioactive  mineral, 
known  to  accelerate  the  germination  of  wheat  seeds,  did  not  appear  to 
have  any  direct  agricultural  value,  at  least  so  far  as  wheat  is 
concerned. 

Experiments  on  the  exposure  of  cultures  of  nitrifying  and  denitrifying 
bacteria  to  the  emanation  from  pitchblende  led  Stoklasa  (78)  to  infer  that 
radioactive  substances  in  the  soil  might  increase  fertility  by  promoting  the 
circulation  of  nitrogen.  There  followed  a  series  of  papers  reporting  tests 
of  the  possibility  of  utilizing  radium  rays  to  increase  crop  production. 
Sutton  and  Sons,  of  Reading,  England,  issued  a  leaflet  in  1914,  review^ed 
in  the  Botanical  Journal  (October,  1914).  They  used  radioactive  ores 
mixed  in  small  quantities  with  the  soil.  They  reported  that  by  such 
treatment  the  germination  of  rape  seed  was  accelerated.  The  following 
year  Martin  H.  F.  Sutton  (86)  experimented  with  tomatoes,  potatoes, 
lettuce,  radishes,  marrows,  beets,  carrots,  onions,  and  several  flowering 
plants,  exposing  the  planted  seeds  to  gamma  rays  given  off  by  about 
0.00025  mg.  of  radium  bromide  in  glass  bottles  inserted  in  the  soil.  The 
results  led  to  the  conclusion  that  gamma  rays,  under  the  conditions  of 
the  experiments,  tended  to  inhibit  plant  growth. 

Ross  (67)  reviewing  in  1914  the  published  results  of  experiments  to 
test  the  value  of  radioactive  substances  as  fertilizers,  closed  his  summary 
as  follows: 

Evidence  is  given  to  show  that  the  action  of  uranium  on  plants  is  due  to  its 
chemical  properties  rather  than  to  its  property  of  being  radioactive,  and  that 
the  conflicting  results  obtained  with  radioactive  manure  from  different  sources 
is  to  be  explained  largely  by  the  presence  of  uranium,  and  of  such  nonradioactive 
constituents  as  soluble  salts  and  free  acids.  .  .  .  The  radium  present,  on  an 
average,  in  an  acre-foot  of  soil  is  about  100  times  greater  than  is  contained  in  the 
quantity  of  radioactive  manure  commonly  recommended  for  application  to  an 
acre. 

At  this  period  a  "radioactive"  fertilizer  was  being  offered  for  agricul- 
tural use  by  the  Banque  du  Radium  (Paris).  Stevens  (Stevens  Indicator. 
April,  1914,  page  150)  found  that  growth  was  accelerated  only  when  as 
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much  as  2.5  per  cent  of  the  compound  was  appUed  to  a  soil.  In  agricul- 
tural practice  this  would  require  about  25  tons  to  the  acre,  at  a  cost  to 
the  farmer  of  about  $5000  per  acre. 

The  practicability  of  radioactive  compounds  for  fertilizing  on  a  com- 
mercial scale  was  tested  by  Hopkins  and  Sachs  (36,  37).  They  also 
critically  reviewed  the  previous  work  and  reached  the  conclusion  that 
there  is  no  foundation  in  fact  for  reasonable  expectation  of  increased 
crop  yields,  when  financial  possibilities  are  considered.  They  pointed 
out  that  radium  to  the  value  of  $1000  (10  mg.)  on  one  acre  would,  during 
100  days  of  good  crop-growing  weather  give  off  energy  equal  to  only 
1  hp.  for  22  sec;  and  that  the  heat  given  off  to  the  soil  by  that  much 
radium  in  100  days  "would  be  less  than  the  heat  received  from  the  sun 
on  one  square  foot  in  thirty  seconds." 

Later,  Ramsey  (65)  calculated  that  the  average  soil  of  a  field  contains 
10  times  as  much  radium  naturally  as  is  contained  in  the  amount  of  a 
certain  "radium  fertilizer"  recommended  by  the  commercial  concern 
offering  it  for  sale. 

Pilz  (64)  concluded  from  experiments  that  the  utilization  of  mineral 
nutrients  bj''  plants  "fertilized  by  radium"  was  better  than  with  plants 
not  so  fertilized,  so  far  as  nitrogen,  potassium,  and  sodium  are  concerned, 
but  poorer  for  phosphoric  acid.  Miklauz  and  Zailer  (49)  reported  no 
increase  in  crop  production  when  oats  (Avena  saliva)  were  grown  in  soil 
containing  radioactive  residues  from  Joachimsthal. 

The  relative  sensitivity  of  green  plants  in  light  and  darkness  was 
tested  by  Packard  (61).  Willcox  had  shown  in  1904  that  the  green 
Hydra  viridis  was  much  more  resistant  to  radium  rays  than  the  brown 
form  {Hydra  fusca).  Packard  tested  Spirogyra  and  Volvox  and  found 
that  the  deleterious  effects  observed  began  to  be  manifested  much  more 
quickly  when  the  exposure  was  made  in  the  dark.  "It  is  very  evident," 
he  said,  "that  the  life  of  the  cell  is  prolonged  by  some  condition  connected 
with  photosynthesis." 

Since  this  is  not  intended  to  be  an  exhaustive  digest  of  the  literature, 
other  papers  must  be  passed  over.  Some  of  them  are  reviewed  by 
Gager  (26),  especially  one  by  Ramsay  (65),  in  which  he  pointed  out  that, 
in  order  to  double  the  amount  of  radioactive  emanation  normally  in  the 
soil,  "one  must  use  about  75  mg.  of  radium  per  acre,"  at  a  cost  of  several 
thousand  dollars  per  acre.  Therefore,  whether  crop  yield  could  be 
increased  by  adding  radioactive  preparations  to  the  soil  can  have  only 
academic,  if  any,  interest.  Experiments  of  the  writer  with  a  commercial 
"fertilizer"  advertised  as  radioactive  were  reported  in  1916  as  giving 
absolutely  negative  results  when  the  "fertilizer"  was  mixed  with  garden 
soil.  A  similar  conclusion  was  stated  by  E.  J.  Russel  in  1916,  who  cau- 
tioned against  "the  danger  of  arguing  from  a  simple  physiological 
observation  to  a  complex  phenomenon  like  the  growth  of  a  plant  in 
soil." 
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A  few  papers  not  noted  in  the  two  reviews  of  literature  cited  above 
may  be  briefly  mentioned  here.  Hebert  and  Kling  (33),  reported  that 
radium  radiations  appeared  to  produce  no  alteration  of  the  atmosphere 
in  which  plants  were  growing.  Photosynthesis  was  not  possible  under 
radium  rays  alone,  sunlight  being  excluded.  Respiration  and  photo- 
synthesis were  considerably  diminished  in  leaves  exposed  to  the  radiation 
before  being  placed  in  daylight,  but  the  ratio  between  oxygen  taken  in 
and  CO2  given  off  in  respiration  was  not  altered  by  previous  exposure 
to  the  rays. 

Acqua  (1)  reported  that  certain  species  are  more  susceptible  to  the 
rays  than  others.  The  root  systems  seem  to  be  more  susceptible  than 
the  stems  and  foliage.  Some  pollen  grains  appeared  not  to  be  affected 
by  exposures  that  were  fatal  to  others.  The  movements  of  protoplasm 
in  such  cells  as  the  epidermal  hairs  of  pumpkin,  the  internodal  cells  of 
Chara,  and  the  leaf  cells  of  Elodea  canadensis  appear  to  be  wholly  unaf- 
fected by  exposure  to  radium  rays.  Observations  of  the  waiter  are  in 
harmony  with  those  of  Acqua  on  this  point. 

Fabre  (22)  exposed  unopened  flower  buds  and  ovaries  of  Lilium  sp. 
to  rays  of  different  strengths.  Buds  were  arrested  in  growth  and  soon 
dried  up;  ovaries,  stigmas,  and  anthers  were  atrophied  or  retarded;  pollen 
grains  had  poorly  developed  nuclei  or  none  at  all;  pollen  grains  did  not 
germinate  on  the  stigma;  ovules  and  embryo  sacs  were  atrophied. 

Gertz  (27)  reported  that  radium  rays  completely  checked  the  twining 
of  Cuscuta  and  the  formation  of  its  haustoria.  In  the  same  year,  Guil- 
leminot  (32)  reported  that  seeds  exposed  to  X-rays  of  15,000  M  (his  unit 
defined  above)  and  radium  rays  of  3000  to  5000  M  germinate  in  the  same 
proportions  at  the  end  of  two  years  of  rest  following  exposure  as  at  the 
beginning  of  the  two  years  of  rest.  In  other  words,  the  injurious  effect 
of  exposure  persists  for  two  years.  Since  the  seeds  were  in  the  resting 
condition  when  exposed  and  for  tw^o  years  thereafter,  this  result  is  what 
might  have  been  expected. 

Gager  had  shown  in  1908  that  air  containing  emanation  was  injurious 
to  the  germination  of  seeds  under  the  conditions  of  his  experiments,  and 
similar  results  were  reported  by  Fabre  (23)  for  the  germination  of  the 
spores  of  Sterigmatocystis  on  acid  gelatin,  using  emanation  of  "high 
potency."  One-half  microcurie  per  cubic  centimeter  of  air  retarded 
germination  for  the  first  three  days,  but  on  the  fourth  day  the  growth 
of  the  exposed  spores  equaled  that  of  the  control  cultures  not  exposed. 
Mucor  miicedo  was  more  resistant.  There  was  observed  only  a  retarda- 
tion of  growth  with  doses  below  1  microcurie  to  2  liters  of  air;  with  larger 
doses  the  suppression  of  the  sporocysts.  A  dosage  1000  times  stronger 
favored  the  germination  of  spores  on  gelatin  and  the  development  of 
the  fungal  filaments. 

However,  Fabre  reported  that  seedlings  of  Linum  caiharticum  exposed 
to  emanation  in  the  air  of  a  closed  vessel  were  killed  at  a  strength  of  40 
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microcuries  per  liter  of  air.  These  results  were  in  harmony  with  those 
reported  by  Gager.  When  germinating  seeds  were  exposed  in  a  closed 
vessel  to  emanation  given  off  from  a  solution  of  a  radium  salt,  Doumer  (21) 
found  that  germination  was  favored.  Stoklasa  (77a)  reported  similar 
results  the  same  year. 

Congdon  (18,  19)  was  one  of  the  first  to  endeavor  to  analyze  the 
effect  of  the  different  types  of  rays.  Using  seeds  of  Sinapis  nigra, 
Panicum  germanicum,  Amarantus  monstrosus,  Nicotiana  Tabacum,  and 
Papaver  somniferum,  he  found  that  the  effect  of  beta  rays  varied  with 
their  penetrating  power.  The  slower,  less  penetrating  secondary  rays 
retarded  germination  more  than  the  more  penetrating  primary  rays  and 
in  direct  proportion  to  their  ionizing  power.  As  might  have  been  antici- 
pated, Congdon  found  the  embryos  more  sensitive  than  the  surrounding 
endosperm  of  the  seeds,  and  that  the  presence  or  absence  of  the  testa 
and  the  position  of  the  radicle  toward  or  away  from  the  source  of  the 
radiation  affected  greatly  the  sensitiveness  of  the  seeds. 

Molisch,  tested,  in  1905,  the  power  of  radium  rays  to  cause  tropistic 
responses,  using  seedlings  of  vetch,  lentil,  and  sunflower,  and  also 
Phycomyces  nitens,  but  reported  negative  results  for  shoots,  as  had  Gager 
also.  Molisch  (52,  52a)  returned  to  this  problem  in  1911,  using  stronger 
radium  preparations  that  gave  off  a  more  intense  illumination,  and  found 
that,  at  short  distances  tropistically  sensitive  plants,  such  as  young 
seedlings  of  oat  and  vetch,  gave  positively  phototropic  responses,  but 
others  less  sensitive,  such  as  barley  and  sunflower,  gave  no  response. 
Gager  (25)  reported  a  positive  tropistic  response  of  roots  of  Lupinus  albus 
to  a  sealed  tube  containing  radium  bromide  of  10,000  activity  suspended 
at  distances  of  10  mm.  to  2  mm.  from  the  tips  of  the  roots.  These 
curvatures  were  interpreted,  not  as  direct  responses  to  the  rays,  but  as 
possibly  due  to  ions  produced  by  the  rays  in  the  liquid. 

The  effect  of  radium  rays  in  forcing  plants  was  also  investigated  by 
Molisch  (53).  He  found  that  when  pipettes  containing  a  small  amount  of 
radium  bromide  were  attached  to  the  branches  of  lilac  bushes  {Syringa 
vulgaris),  the  buds  were  forced.  The  longer  the  exposure  (20,  48,  72  lir.), 
the  quicker  the  response.  Similar  results  were  obtained  by  exposing 
chestnut  branches  (Castanea)  for  one  day.  Tulip,  bladdemut  (Staphylea), 
and  maple  (Acer)  gave  indifferent  results,  and  Ginkgo,  Platanus,  red  beech 
(Fa^us),  and  Tilia  all  gave  negative  results. 

Two  years  later,  Molisch  (54)  reported  that  beta  and  gamma  rays 
of  radium  stimulate  resting  buds  of  Syringa  vulgaris,  especially  when  the 
exposure  is  made  in  the  second  half  of  November  and  in  December.  But 
in  January  a  longer  irradiation  (72  hr.)  produces  no  effect,  or,  if  so,  an 
injurious  one.  Similar  but  more  striking  results  were  produced  by 
radium  emanation,  using  Syringa  vulgaris,  Aesculus  Hippocastanum, 
Liriodendron  tulipifera,  Staphylea  pinnata,  and  Acer  platanoides.     But 
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negative  results  were  obtained  with  Ginkgo  hiloba,  Platanus  sp.,  Fagus 
sylvatica,  and  Tilia  sp.  Molisch  suggested  that  the  radium  rays  produced 
these  results  by  activating  certain  ferments  or  in  favoring  their  production, 
thus  resulting  m  an  activating  of  the  nutrient  materials. 

Gager  (25)  reported  that  the  growth  of  corn  {Zea  Mays)  was  acceler- 
ated by  soaking  the  corn  grains,  before  planting  in  soil,  for  24  hr.  in  water 
which  had  been  exposed  to  radium  rays  for  26.5  hr.  by  suspending  in  it  a 
sealed  glass  tube  containing  radium  bromide  of  10,000  or  1,500,000 
activity.  The  radicles  of  Lupinus  albus  were  retarded  in  growth  when 
immersed  in  water  previously  exposed  for  24  hr.  to  radium  rays  of  10,000 
to  1,500,000  activity.  Similar  effects  were  produced  by  immersing  the 
radicles  of  Lupinus  in  freshly  fallen  rain  water  (which  is  known  to  be 
radioactive)  as  contrasted  with  growth  in  rain  water  one  month  old. 
The  water  in  each  experiment  was  caught  by  placing  glass  beakers  in 
the  open  during  a  rain. 

Stoklasa  (77),  however,  reported  that  the  radioactive  water  obtained 
from  Joachimsthal  stimulated  the  growth  of  roots  and  shoots  of  Triticum 
vulgare,  Hordeum  distichum,  Vicia  Faba,  Pisum  sativum,  Lupinus  angusti- 
folius,  Trifolium  pratense,  and  Pisum  arvense.  Striking  effects  were 
obtained  in  8  hr.  with  barley  (Hordeum).  He  also  found  that  vegetative 
processes  are  stimulated  when  0.5  to  1.0  gm.  of  radioactive  pitchblende 
inclosed  in  glass  is  placed  in  jars  containing  growing  plants. 

These  results  of  Stoklasa  were  confirmed  by  Petit  and  Ancelin  (62). 
They  obtained  water  charged  with  emanation  to  the  desired  degree  by 
keeping  it  in  a  fountain  of  radioactive  cement,  made  by  incorporating 
concentrates  of  radium  in  the  cement.  Seeds  of  "ray  grass,"  wheat,  and 
corn  (Zea  Mays)  germinated  much  better  in  the  radioactive  water. 
They  report  that  the  influence  of  the  radioactivity  begins  to  show  itself 
only  after  12  days,  on  an  average. 

In  1913  and  1914,  Stoklasa  (78)  published  a  series  of  papers  on  the 
significance  of  radioactivity  in  physiology.  He  reported  that  he  and 
his  coworkers  found  that  exposure  to  the  emanation  of  80  to  150  ME 
promoted  the  metabolism  of  bacteria  but  retarded  the  reduction  of 
nitric  acid  to  elementary  nitrogen  by  the  organisms  concerned  in  that 
process.  When  a  mixture  of  yeast  was  exposed  to  emanation  of  100  to 
200  ME  per  liter  of  air,  the  absolute  amount  of  the  energy  release  of  the 
yeast  cells  was  increased.  Fermentation  began  earlier  in  nutrient  media 
containing  yeast,  and  respiration  was  70  to  110  per  cent  greater  than 
normal  under  conditions  of  exposure.  These  results  are  in  harmony 
with  those  reported  by  Gager  (25). 

Seedlings  grown  in  radioactive  water  of  70  ME  had  a  dry  weight 
0.62  to  158  per  cent  greater  than  those  grown  in  ordinary  water  for  the 
same  length  of  time  (Stoklasa,  78).  Plants  so  exposed  flower  sooner  and 
produce  more  seed.     An  excessive  amount  of  irradiation  retards  and 
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injures  (as  others  had  found).  Photosynthesis  and  respiration  were  both 
accelerated.  Numerous  experiments  have  shown  that  by  exposure  to 
weak  radioactivity  nuclear  and  cell  division,  the  development  of  the 
plant  as  a  whole,  exchange  of  gases  in  photosynthesis  and  respiration, 
metabolism,  flowering  and  fruiting  are  all  favored  by  weak  and  retarded 
by  strong  irradiation.  The  same  general  conclusion  was  drawn  from  the 
sum  total  of  work  cited  above  in  1908,  but  by  1914  it  had,  of  course,  been 
more  thoroughly  documented. 

The  effect  of  radium  rays  on  the  germination  of  seeds  was  again 
investigated  in  1915  at  the  Institut  Pasteur,  Paris.  Agulhon  and 
Robert  (2)  confined  their  studies  to  the  period  when  the  young  seedling 
was  still  wholly  dependent  on  the  food  reserves  stored  in  the  seed.  First, 
peas  (Pisum  sativum)  were  exposed  to  such  rays  as  could  pass  through 
the  thin  walls  of  sealed  glass  tubes.  Second,  they  were  germinated 
in  a  solution  containing  radioactive  material.  Third,  germination  was 
brought  about  in  an  atmosphere  containing  the  emanation.  In  the 
first  case  germination  was  retarded,  in  the  second  the  results  were  nega- 
tive, in  the  third  early  growth  was  accelerated  and  etiolation  resulted. 

After  1915  there  were  few,  if  any,  papers  on  the  effects  of  radium  rays 
on  plants  until  about  1920.  This  hiatus  was  doubtless  due  to  the  World 
War.  G.  Hertwig  (34)  reported  that  investigations  on  the  effect  of  the 
rays  of  radium  and  X-rays  on  algae  and  fleshy  fungi  showed  retardation 
of  growth,  and  that  the  reproductive  cells  of  higher  plants  were  more 
sensitive  than  other  cells,  thus  confirming  results  previously  reported 
(Gager,  25).  Pollen  grains  of  a  carnation  and  of  Digitalis  purpurea 
would  not  germinate  after  exposure. 

The  action  of  buried  tubes  of  radium  emanation  on  neoplasias  in 
plants  was  investigated  by  Levin  and  Levine  (44).  They  found  that 
when  a  radium  emanation  tube  (of  capillary  size)  is  inserted  in  normal 
adult  tissue,  the  only  perceptible  result  is  the  complete  destruction  of 
tissue  in  the  immediate  vicinity  of  the  tube,  owing  to  the  gamma  radia- 
tion. When  such  a  tube  was  inserted  into  crown  gall  tissue  the  further 
development  of  the  tissue  was  inhibited.  This  is  brought  about  by  the 
inhibition  of  the  nuclear  proliferating  activity  in  the  tumor  cells  by  the 
gamma  rays.  "The  tumor  tissue  in  the  immediate  vicinity  of  the  buried 
tubes  is  affected  mainly  by  the  soft  beta  rays.  Here,  therefore,  deeper 
changes  take  place  in  the  tumor  tissue.  Sections  of  this  tissue  show  the 
collapse  of  cell  walls  radially  to  the  capillary  tube,  forming  a  cushion  of 
cellulose.  The  cells  immediately  behind  this  cushion  are  devoid  of 
both  nucleus  and  cytoplasm.  .  .  .  The  disintegrated  tissue  and  the 
cellulose  cushion  filter  off  the  soft  gamma  rays.  Cells  further  back  of 
this  area  are  consequently  acted  on  only  by  the  gamma  rays." 

In  a  later  paper,  Levine  (45)  reported  studies  leading  to  the  conclusion 
that  short  exposures  of  crown  gall  tissue  to  small  doses  of  radium  emana- 
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tion  (0.1  to  0.6  millicurie)  sealed  in  glass  capillaries  which  are  implanted  in 
the  crown  gall  tissue  produce  little  effect  on  the  surrounding  tissues. 
Longer  exposures  and  larger  doses  induce  necrosis  of  tissues  immediately 
surrounding  the  tube  extending  progressively  to  a  radius  of  0.5  to  5  mm. 

The  same  author  (Levine,  46),  reported  on  the  influence  of  filtered 
and  unfiltered  radium  emanation  on  microsporogenesis  of  species  of 
Lilium  (L.  Harrisii,  L.  giganteum,  L.  auratum,  and  L.  superbum).  The 
radium  varied  in  strength  from  0.25  to  3.3  millicuries,  and  the  filters 
were  of  platinum,  silver,  and  aluminum  of  0.5  mm.  in  thickness.  Various 
abnormalities  and  injuries  that  followed  the  exposure  are  described  and 
figured.     Three  pages  of  bibliography  are  given. 

The  effect  of  radium  rays  on  "vegetable  cancers"  was  investigated  in 
Italy  by  Rivera-Attilj  (1925).  Pichler  and  Wober  (63)  found  that,  w^hile 
ultra-violet  rays  and  roentgen  rays  could  be  used  successfully  in  the 
treatment  of  smutted  wheat,  the  rays  of  radium  were  ineffective  (at  least 
under  the  conditions  of  the  experiment). 

Beginning  in  1922  Emmy  Stein  published  a  series  of  papers,  the  first 
one  dealing  with  the  effect  of  the  rays  on  the  growing  points  of  shoots 
and  on  seeds.  Only  the  beta  and  gamma  rays  were  employed.  Expo- 
sures of  growing  points  for  20  to  160  min.  checked  growth  temporarily 
and  caused  floral  abnormalities  of  several  types.  Later  the  plants 
assumed  normal  behavior.  The  material  was  from  the  pedigree  cultures 
of  Professor  Bauer.  No  mutation  resulted.  Seeds  exposed  1.5  hr.  gave 
rise  to  aberrant  forms  ("radium  plants"),  some  of  which  were  regarded 
as  true  mutants,  since  no  such  forms  had  previously  appeared  in  Professor 
Bauer's  cultures.  The  abnormality  was  in  one  case  repeated  in  the  second 
generation.  When  propagated  by  cuttings,  the  "radium  plants"  pre- 
served their  mutant  characters,  though  single  branches  of  10  reverted  to 
normal  except  that  they  were  sterile. 

The  poisonous  effect  of  selenium  on  the  germination  of  seeds  was 
studied  by  Stoklasa  (79,  79a),  who  found  that  this  effect  was  largely 
removed  when  the  seeds  were  germinated  and  grown  in  aqueous  solutions 
either  naturally  radioactive  or  rendered  so  artificially  by  the  presence  of 
radium  emanation.  In  other  words,  the  rays  from  the  emanation 
counteracted  the  toxicity  of  the  selenium.  The  seeds  used  were  Hordeum 
distichum,  Triticum  vulgare,  Secale  cereale,  Avena  sativa,  Vicia  Faba,  and 
Polygonum  fagopyrum,  cultivated  in  the  presence  of  selenite  (Na2Se03) 
or  of  selenate  (Na2Se04)  of  sodium.  The  emanation  was  supplied  at  the 
rate  of  0.0000056  mg.  ( =  14  ME)  per  plant  per  day. 

Nadson  (58)  investigated  the  effect  of  radium  on  yeast  fungi  in 
relation  to  the  question  of  its  effect  on  living  substance  in  general.  He 
found  the  following  organisms  possessed  sensitivity  to  the  rays  in  the 
order  named,  the  first  being  most  sensitive:  Endomyces  vernalis,  Sac- 
charomyces  cerevisiae,  Nadsonia  fulvescens,  Cryptococcus  glutinis.     Young 
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cultures  were  reported  as,  in  general,  more  sensitive  than  older.  The 
variations  induced  by  the  radium  were  reported  to  be  inherited  in  the 
next  generation.  There  was  a  retardation  of  growth,  and  5  to  6  days 
after  irradiation  atypical  growth  forms  appeared.  Morphological  varia- 
tions were  observed,  such  as  long,  threadlike  cells  with  the  cytoplasm 
homogeneously  vacuolated  and  the  nucleus  located  at  the  end;  greatly 
enlarged  club-shaped  cells ;  much  thickened  cell  walls  (a  protective  device 
against  the  radium) ;  amoeboid  forms ;  nuclear  degeneration.  The  normal 
glycogen  formation  of  Saccharomyces  was  inhibited,  and  carbohydrate 
formation  in  Cryptococcus.  Saccharomyces,  Cryptococcus,  and  Nadsonia 
formed  resting  cells  which  gave  rise  to  normal  generations. 

The  structural  abnormalities  appeared  (were  "inherited")  in  suc- 
cessive generations — in  some  races  for  40  to  60  and  in  one  race  for  as 
many  as  100.  Such  races  have,  by  some  authors,  been  interpreted  as  true 
mutations,  but  since  no  previous  alterations  of  the  genotype  had  been 
recorded  for  these  organisms,  Nadson  did  not  call  them  mutations,  but 
"persisting  modifications"  (Dauermodifikation) .  In  these  experiments, 
Nadson  used  5  to  10  mg.  of  radium  bromide  under  thin  sheets  of  mica. 

In  a  later  paper,  Nadson  (59)  reported  experiments  which  led  to  the 
conclusion  that  roentgen  rays  and  the  beta  and  gamma  rays  of  radium 
accelerate  the  tempo  of  life  and  thereby  induce  a  premature  senescence — a 
consequence  of  an  excess  of  stimulation  which  became,  in  effect,  an 
irritation. 

Kotzareff  and  Chodat  (43)  exposed  yeast  cultures  in  cider  (Most), 
by  adding  0.25  millicurie  of  radium  emanation.  Budding  and  fermenta- 
tion were  stimulated.  With  a  dose  of  2  millicuries  cell  multiplication 
was  decreased  and  fermentation  reduced  one-fifth.  Stronger  dosage 
(5-6  millicuries)  completely  inhibited  fermentation  and  caused  hyper- 
trophy of  the  cells  through  strongly  reducing  their  power  to  divide. 
When  the  culture  was  transferred  to  an  emanation-free  medium,  normal 
growth  and  fermentation  returned. 

Various  attempts  have  been  made  to  analyze  the  mechanism  by  which 
radium  rays  produce  their  effects  on  living  cells,  tissues,  and  organisms. 
Redfield  and  Bright  (65a)  investigated  this  problem  by  exposing  radish 
seeds  in  a  dry  condition  to  the  beta  and  gamma  rays  by  placing  in  a 
test  tube  seeds  "closely  packed  about  a  glass  tube  containing  radium 
emanation."  The  alpha  rays  were,  as  usual,  screened  out  by  the  glass 
walls  of  the  emanation  tube.  The  effect  of  the  gamma  rays  was  con- 
sidered negligible  owing  to  their  limited  absorption  by  the  seed.  Two 
days  after  radiation  the  seeds  were  moistened  and  their  production  of 
carbon  dioxide  determined.  They  were  then  given  an  opportunity  to 
germinate  and  grow.  It  was  found  that,  while  growth  was  retarded  by 
the  rays,  the  rate  of  carbon  dioxide  production  in  exposed  seeds  was 
invariably  greater  than  in  the  unexposed  control.     Thus  it  appears  that, 
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contrary  to  the  results  of  Kimura  in  1929,  changes  in  the  rate  of  carbon 
dioxide  production  and  cell-division  do  not  always  go  hand  in  hand. 
One  process  may  be  increased  by  exposures  which  retard  the  other.  In 
other  words,  the  rays  have  a  specific  action  on  certain  physiological  proc- 
esses in  contrast  to  others.  One  should  not,  therefore,  make  any  broad 
generalization  concerning  their  action  on  metabolism  as  a  whole. 

In  1925,  a  stimulating  paper  was  published  by  Blaauw  and  Heyningen 
(7)  on  the  radium-growth-response  of  one  cell.  The  authors  had  previ- 
ously determined  experimentally  that  unicellular  organs,  such  as  the 
sporangiophores  of  Phycomyces,  and  also  various  multicellular  organs  of 
higher  plants  respond  to  light  stimulus  with  characteristic  accelerations 
and  retardations  of  growth.  The  present  paper  gives  the  results  of  an 
investigation  to  determine  whether  the  growth  of  unicellular  sporangio- 
phores, so  sensitive  to  visible  light,  is  also  affected  by  radium  rays. 
The  light-growth-response  (visible  spectrum  and  ultra-violet)  is  charac- 
terized in  these  cells  by  an  acceleration  of  growth  (positive  response), 
beginning  after  at  least  3  min.,  and  changing  into  a  temporary  retardation. 
The  radium-growth-response  was  found  to  be  just  contrary  to  the  light- 
growth-response,  beginning  with  a  strong  decrease  of  growth,  then,  on 
account  of  a  contrareaction,  passing  into  an  acceleration  of  growth. 
With  continued  exposure  the  growth  "recovers  its  equability." 

The  radium-growth-response  is  considered  by  the  authors  as  a  second- 
ary phenomenon — a  result  of  more  primary  responses  or  modifications, 
brought  about  in  the  metabolism  of  the  cell  by  the  influence  of  the  rays, 
"but  which  are  for  the  present  absolutely  beyond  our  understanding." 
It  is  of  interest  to  compare  these  results  and  the  discussion  with  those  of 
Redfield  and  Bright,  above  noted. 

Blaauw  and  Heyningen  found  that  the  radium-growth-response 
follows  more  quickly  than  the  light-growth-response;  the  former  is  per- 
ceptible after  an  average  of  2  min.,  and  the  latter  after  3.5  min.  The 
sporangiophores  of  Phycomyces  never  showed  any  trace  of  a  radio- 
tropic  curvature;  the  strong  growth  response  followed  a  one-sided  expo- 
sure to  the  radium.  This  is  explained  by  the  fact  that  the  radium  rays 
pass  through  the  thin  cells  so  perfectly  that  there  is  no  difference  of  their 
intensity  within  the  cell.  The  experiments  indicate  that  the  radium- 
growth-response  is  caused  by  the  gamma  rays  exclusively. 

But  just  as  Sierp,  with  Avena  sativa,  and  later  Tollenaar  had  demon- 
strated dark-growth-responses  for  various  organs,  as  soon  as  a  long 
exposure  to  light  is  stopped,  so  it  was  found  by  Blaauw  and  Heyningen 
that,  after  the  growth  has  become  steady  again  after  long  exposure  to 
radium,  the  radium  preparation  cannot  be  removed  without  causing  a 
new  reaction  contrary  to  the  first.  This  response,  caused  by  the  removal 
of  the  radium  rays,  is  called  deradiation  response.  In  other  words,  if 
we  define  stimulus  as  any  change  in  any  factor  of  the  environment,  and 
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response  as  any  activity  or  modification  of  activity  tending  to  restore 
perfect  adjustment  of  the  organism  to  its  environment,  we  see  that  when 
the  radium  rays  are  first  introduced  (stimulus),  the  retardation  of  growth 
(response),  under  suitable  conditions  of  strength  and  duration  of  stimulus, 
is  followed  by  a  condition  of  tonus,  the  sporangiophore  becoming  adjusted 
to  its  new  environment  which  includes  the  radium  rays,  and  growth 
becomes  steady  again.  Then,  when  the  radium  is  removed,  another 
stimulus  is  thereby  produced  to  which  the  sporangiophore  again  makes 
response.  Blaauw  and  Heyningen  note  that  the  initial  influence  of  the 
light  rays  and  the  gamma  rays  is  of  quite  a  different  nature,  touching  a 
quite  different  "link  of  the  process  of  metabolism." 

In  studying  the  action  of  radium  rays  on  plant  cells  Maud  Williams 
(87)  used  strips  of  tissue  from  the  upper  surface  of  the  petioles  of  Saxifraga 
umbrosa  and,  for  comparison,  the  movement  of  the  chloroplasts  in  the 
leaf  cells  of  Elodea.  After  a  short  exposure  there  is  an  increase  in  the 
rate  of  protoplasmic  circulation.  The  cells  were  rendered  permeable 
and  slow  exosmosis  of  solutes  can  occur  before  any  visible  changes  are 
found  in  the  protoplasm.  "Large  dosage"  produced  shrinkage  of  the 
protoplast  and  vacuolation  effects.  Aftereffects  "of  more  profound 
nature"  than  the  immediate  effects  are  reported.  For  example,  if  the 
radiation  ceased  before  any  shrinkage  of  protoplasm  had  taken  place,  and 
the  material  was  then  placed  in  fresh  tap  water  and  kept  in  darkness  for 
24  hr.  or  longer,  great  differences  between  these  cells  and  those  of  the 
control  material  became  visible.  The  protoplasm,  often  very  discolored, 
either  collected  in  a  dense  mass  in  the  middle  of  the  cell  or  became  very 
dense  at  one  end  and  very  vacuolated  at  the  other.  The  chloroplasts 
did  not  lose  their  color  or  appearance.  The  length  of  exposure  needed 
to  produce  this  after-appearance,  depended  upon  whether  Saxifraga  or 
Elodea  was  used,  and  also  upon  the  season  of  the  year  when  the  tests 
were  made,  Any  change  is  irreversible  after  it  has  once  become 
visible. 

The  modification  of  the  physiological  action  of  radium  rays  by  the 
presence  of  various  chemicals  has  been  investigated  by  several  authors. 
Rouppert  and  Jedrzejowski  (68)  exposed  pieces  of  leaves  of  Ficus 
Ficadatsura  having  their  lower  surface  covered  with  unicellular  emergen- 
cies, and  likewise  young  sprouts  of  Leea  coccinea  for  18  hr.  to  alpha, 
beta,  and  gamma  rays  of  radium  and  of  the  "active  deposit"  of  strengths 
15  and  3  millicuries,  respectively.  With  15  millicuries  the  pieces  of  leaves 
and  their  unicellular  emergencies  of  Piper  were  killed,  but  the  multi- 
cellular emergencies  of  Leea  remained  alive.  In  the  second  case  (3  milli- 
curies), all  the  emergencies  remained  alive  whether  the  subjacent  tissues 
were  killed  or  not.  Even  when  the  emergencies  were  nearer  to  a  radium 
tube  than  the  body  of  loaf  tissue,  they  remained  turgid  and  uninjured. 
The  authors  believe  that  the  resistance  of  the  emergencies  is  due  to  the 
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kations  of  K  in  the  protoplasts,  thus  confirming  carher  conclusions  of 
Nadson  and  2olkevi6. 

A.  Sartory,  R.  Sartory,  and  J.  Meyer  (70,  70a)  studied  the  formation 
of  perithecia  in  Aspergillus  fumigatus  Fresenius  under  the  influence  of 
radium.  In  their  first  paper  they  state  that  they  made  use  of  Aspergillus 
fumicatus  [sic]  "because  its  characters  and  properties  are  known  and 
fixed."  Four  culture  media  were  employed:  glucose  nondissociated ; 
glucose  dissociated  by  sodium  chloride;  saccharose  nondissociated; 
saccharose  dissociated  by  sodium  chloride.  The  work  was  divided  into 
two  parts:  (a)  A  series  of  exposures  on  all  four  media  distributed  over  a 
period  of  15  days  and  at  increasing  doses  of  from  150  to  750  microcuries 
and  1.2  to  2.4  millicuries  (strong  doses).  Observations  were  made  12  hr. 
after  each  exposure,  (b)  A  series  of  exposures  on  all  four  media  with 
"strong"  irradiations  for  2  hr.  at  a  dosage  of  7.2  millicuries.  Under  the 
various  conditions  the  following  results  were  recorded:  (a)  A  stimulation 
of  the  formation  of  the  reproductive  apparatus.  The  conidiophore 
swelling  was  replaced  by  a  tufted  growth  (formes  peniciliennes) ;  the 
sterigmata  assumed  pronounced  giant  forms.  When  the  dosage  was 
strong,  these  results  were  more  pronounced,  (b)  Cultures  on  non- 
dissociated  media  exposed  discontinuously  to  3  to  7.2  millicuries  showed 
a  retardation  of  the  appearance  of  the  reproductive  structures  and  a 
modification  in  the  form  of  the  mycelial  threads.  The  authors  note  that, 
in  a  nondissociated  medium,  the  radiation  increases  the  reducing  power 
of  the  organism  and  lowers  the  hydrogen  ion  concentration  of  the  medium. 
On  the  other  hand,  in  the  dissociated  medium,  the  irradiation  diminishes 
the  power  of  the  organism  to  reduce  saccharose  and  increases  the  hydrogen 
ion  concentration. 

In  two  subsequent  papers,  these  authors  describe  experiments  which 
lead  them  to  the  conclusion  that  the  action  of  radium  rays  on  Aspergillus 
fumigatus  [sic],  cultivated  on  a  medium  of  carrot  juice  gelatin  (pH  =  4.7), 
dissociated  by  sodium  chloride,  and  only  on  that  medium,  causes  the 
formation  of  fertile  perithecia,  with  well-defined  asci  and  ascospores. 

In  1926,  Stoklasa  referred  in  a  general  way  to  experiments  he  had  made 
since  1906,  which  have  yielded  cumulative  evidence  that  radioactivity 
affords  an  important  means  of  attacking  biological  problems.  All  plants, 
he  says,  are  weakly  radioactive.  He  notes  that  the  primary  step  in 
respiration  is  always  intracellular,  and  it  is  this — a  reducing  process — 
which  is  increased  by  radium  rays,  especially  the  beta  rays.  The  rays 
furnish  an  impulse  to  the  rearrangement  of  the  atoms  in  the  molecule 
of  sugar,  resulting  first  in  the  formation  of  lactic  acid  from  which  arise 
carbon  dioxide,  alcohol,  and  finally  acetaldehyde  and  acetic  acid.  It  is 
the  oxidation  processes,  caused  by  oxidase  and  peroxidase,  that  are 
stimulated  by  the  alpha  rays  of  radium,  forming  oxidation  products  which 
are   finally   split   into   carbon    dioxide   and   hydrogen.     "Through   our 
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researches,"  says  the  author,  "we  have  determined  that  the  respiration 
of  cells  both  with  and  without  chlorophyll  is  extraordinarily  increased  by 
alpha  rays  from  the  emanation." 

Stoklasa,  Penkava,  and  Bar^s,  in  collaboration  (82),  refer  to  the 
foregoing  experimental  results,  and  note  that  these  results  clearly  indicate 
a  definite  relation  between  the  effect  of  the  radiation  and  the  concentration 
of  hydrogen.  The  stronger  the  emanation  is,  the  more  hydrogen  is 
necessary  for  the  dissimilation  process  to  proceed  normally.  The  alpha 
rays  increase  the  whole  enzymatic  process  if  hydrogen  is  present  in 
suitable  amount. 

The  authors  state  that  their  hypothesis  of  a  coordinate  substitution, 
rearrangement,  and  displacement  under  the  influence  of  the  physiological 
action  of  the  rays  of  radioactive  substances  locates  these  coordinative 
alterations  in  the  structure  of  the  cell  colloids,  vs.  the  increase  of  the 
translative  motion  of  the  molecules.  Just  as  the  radiant  energy  of 
sunlight  can  transform  the  nonactive  coordination  of  inorganic  and 
organic  compounds  into  a  physiologically  effective  one,  so  also  may  the 
rays  of  radioactive  substances  bring  about  these  changes. 

Just  as  iron,  say  the  authors,  acts  in  its  role  as  a  catalyzer  of  the 
oxidation  of  the  organism  only  in  its  physiologically  active  form,  so  is  the 
power  given  to  increase  the  whole  physiological  activity  of  the  colloid 
particles  of  the  cell,  through  the  substitutions  and  rearrangements  in  their 
structure  which  are  called  forth  by  the  beta  rays  which,  in  consequence  of 
the  physiological  balance  of  the  organism,  accelerate  the  reduction 
processes.  The  result  of  the  influence  of  the  alpha  rays  is  a  derangement 
of  the  physiological  balance  in  favor  of  the  oxidation  processes.  If  a 
radioactive  element  is  directly  attached  to  the  surface  of  a  colloid  particle, 
the  physiological  process  which  accompanies  the  radioactive  beta  trans- 
formation produces  a  great  labilization  in  the  component  parts  of  the 
cell  and  thereby  strengthens  the  physiological  effect  of  the  beta  radiation. 
Without  such  a  strengthening — for  example,  when  the  beta  rays  enter 
the  organism  from  without — the  number  of  the  beta  particles  must  be 
incomparably  greater  in  order  to  call  forth  the  same  physiological 
effect. 

In  the  gamma  irradiation  a  great  resemblance  of  the  photoelectric 
effect  on  mineral  catalyzers  (notably  on  iron,  the  catalyzer  of  oxidation) 
is  combined  with  the  effect  of  the  secondary  beta  rays  on  the  activity  of 
the  colloid  particles.  As  a  result,  under  gamma  irradiation  the  balance 
of  physiological  processes  is  upset  simultaneously  by  two  antagonistic 
processes  and  the  results,  in  consequence  of  the  balance  of  oxidative  and 
reducing  processes,  are  not  so  unequivocal  as  with  alpha  and  beta 
irradiations. 

Ingber  (38)  exposed  pure  cultures  of  Actinomyces  bovis  to  a  dose  of 
10,575  mg./hr.  of  mesothorium.     The  rate  of  growth  was  retarded,  but 
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after  the  removal  of  the  source  of  radiation,  the  fungus  resumed  its 
normal  rate  of  growth. 

That  photosynthesis  may  be  stimulated  by  beta  and  gamma  rays 
was  also  reported  by  Stoklasa  (80).  Cucumber  plants  whose  leaves 
were  treated  yielded,  in  his  tests,  1243  gm.  as  compared  to  689  gm.  for 
the  control  plants.  Exposed  mint  and  tobacco  plants  weighed  527 
and  684  gm.,  respectively,  as  compared  with  396  and  316  gm.  for  the 
controls. 

Chondriosomes  were  found  to  be  more  resistant  to  beta  and  gamma 
rays  than  the  nucleus,  according  to  Milovidov  (51).  In  roots  of  Pisum 
sativum,  irradiated  for  0.5  to  2  hr.,  there  were  irregular  mitoses,  but  the 
chondriosomes  appeared  to  be  normal.  After  exposure  for  5  to  6  hr. 
many  mitochondria  appeared  much  swollen,  but  others  were  not  altered. 

In  1930,  ]\Iilovidov  reported  experiments  confirming  his  earlier 
results  and  showing,  besides,  that  the  elements  of  the  chondriosome  in 
Saprolegnia,  which  appear  inactive,  are  very  resistant  to  the  beta  and 
gamma  rays,  showing  no  change  after  an  irradiation  for  5  hr.  or  more 
to  rays  from  5  mg.  of  radium  chloride  contained  in  a  sealed  glass  tube. 
They  behave  quite  like  the  mitochondria  of  the  higher  plants. 

Feichtinger  (24)  analyzed  the  action  of  alpha  and  beta  rays  by  using 
polonium  and  radium  on  rootlets  of  Crepis  virens.  The  alpha  rays 
produced  injury  to  a  depth  of  30//;  the  tissues  lying  deeper  than  that 
appeared  normal.  The  beta  rays  damage  the  tissues  throughout  the 
entire  diameter  of  the  root,  owing  to  their  greater  penetrability. 

In  1930,  Stoklasa  (83)  and  four  collaborators  review  a  great  deal  of 
the  previously  published  work,  and  give  an  extensive  bibliography. 
They  discuss  the  effects  of  exposing  seeds  to  beta  rays  only,  beta  and 
gamma  rays  together,  and  pure  gamma  rays.  From  their  own  experi- 
ments, they  conclude  that  18  to  24  hr.  is  the  most  favorable  duration 
of  exposure  of  seeds.  A  longer  exposure  to  either  beta,  beta  and  gamma, 
or  pure  gamma  rays  is  injurious.  When  seeds^  are  exposed  to  high 
concentration  of  the  emanation,  the  result  is  injurious  to  germination. 
The  toxic  effect  of  strong  radioactivity  on  the  seeds  of  forest  trees  is 
increased  by  ultra-violet  light.  When  the  radioactivity  is  of  the  strength 
50,000  to  150,000  ME,  the  germination  of  seeds  of  Pisum  sativum, 
Pisum  arvense,  Lupinus  angustifolius,  Vicia  Faba,  and  others  is  stimulated. 
At  200,000  ME  the  intensity  of  germination  is  somewhat  diminished 
and  increasingly  with  increase  in  the  strength  of  the  radiation.  At  500,- 
000  ME  the  germination  of  some  seeds  (e.g.,  Trifolium  pratense  and 
Hordeum  distichum)  is  completely  inhibited  and  the  embryo  killed. 
Forest  seeds  appear  to  be  more  resistant  than  others.  Other  experiments 
prove  that  the  photosynthetic  processes  are  favored  by  beta  and  gamma 
rays  together  and  by  pure  gamma  rays;  the  elaboration  of  new  living- 
plant  substances  is  also  favored. 
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Ingber  (39),  studying  Vicia  Faba  var.  minor,  reported  stimulation 
of  function  and  also  lesions.  The  second  of  two  papers  contains  a  review 
of  the  present  (1931)  state  of  radiobiology  and  a  bibliography  of  16  pages. 
In  the  same  year,  Kessler  and  Schanderl  (40)  reported  on  studies  of  the 
effect  of  rays  of  different  intensities. 

Montet  (55,  55a,  56)  reported  on  the  effect  of  weak  radioactivity 
on  germination,  and  of  radium  rays  on  the  germination  of  bulbs.  With 
the  bulbs  the  foliage  was  stronger  and  greener,  the  flowers  were  larger, 
and  their  color  was  more  vivid. 

Zirkle  (88)  studied  the  effect  of  the  rays  from  Polonium  (radium-F) 
on  cells.  The  rays  given  off  by  the  material  used  were  only  alpha  rays. 
It  was  found  that  these  rays  retard  and  inhibit  three  distinct  processes 
in  the  germination  of  the  spores  of  Pteris  longijolia,  viz. :  cracking  of  the 
sporewall;  development  of  chlorophyll;  and  cell  division.  Extranuclear 
irradiation  produced  a  high  frequency  of  a  type  of  induced  twining.  This 
paper  has  a  bibliography  of  related  papers. 

Doubtless  the  most  exhaustive  publication  on  the  effect  of  radium 
rays  on  plant  life  since  1908  is  the  treatise  by  Stoklasa  and  Penkava  (81). 
This  contains  bibliographies  covering  the  entire  subject  from  the  first 
experiments,  and  is  an  indispensable  handbook  for  those  engaged  in 
investigating  this  subject. 

For  the  readers'  convenience,  papers  dealing  with  the  effect  of  radium 
rays  on  heredity  are  grouped  together  in  the  following  paragraphs. 

At  the  1926  meeting  of  the  Botanical  Society  of  America,  Gager  and 
Blakeslee  reported  on  experiments  in  subjecting  germ  cells  of  Datura  to 
radium  rays,  and  their  paper  appeared  in  February  of  the  following  year 
(26a)  giving  data  concerning  the  appearance  of  both  chromosome  and 
gene  mutations  in  that  genus.  The  material  exposed  consisted  of 
pedigreed  plants  in  the  cultures  of  Dr.  Blakeslee  at  Cold  Spring  Harbor, 
Long  Island.  In  the  formation  of  one  of  the  new  forms  ("Nubbin") 
that  resulted  from  the  radium  treatment,  there  occurred  a  breaking 
up  and  reattachment  of  parts  of  nonhomologous  chromosomes.  The 
treatment  was  effected  by  inserting  capillary  tubes  of  radium  emanation 
into  the  cells  (compartments)  of  the  ovary,  or  into  the  walls  between 
the  ovary  cells.  In  one  experiment  the  radiation  had  a  strength  of 
13  millicuries,  and  the  time  of  exposure  was  10  min.  At  the  time  of 
treatment  reduction  had  certainly  already  taken  place  in  the  pollen 
mother  cells  and  almost  certainly  also  in  the  megaspore  mother  cells. 
Seeds  from  the  four  ovary  cells  were  kept  separate  in  the  sowing.  The 
number  of  mutants  varied  from  11.54  per  cent  in  seeds  from  one  cell 
to  28.57  per  cent  in  seeds  from  the  cell  into  which  the  emanation  tube 
was  inserted.  The  chromosomal  types  resulting  were  mostly  2n  +  1 
forms.  Cell  1  gave  rise  to  one  2n  +  2  type,  called  "Globe,"  and  also 
to  "Nubbin"  mentioned  above. 
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A  percentage  of  17.7  chromosomal  mutants  in  over  100  offspring  from 
a  single  capsule  was  greater  than  had  been  obtained  even  without  the 
radium  treatment.  The  average  number  of  mutant  forms  (2n  +1) 
previously  arising  in  a  total  of  15,417  progeny  of  untreated  normal 
diploid  parents  was  73,  or  0.47  per  cent.  These  figures  were  inter- 
preted as  warranting  the  conclusion  that  the  increased  percentage  of 
chromosomal  mutations  was  due  to  the  radium  rays. 

From  one  treated  parent,  two  recessive  gene  mutations  appeared  in 
the  offspring  of  18  Fi  plants  tested  by  selfing. 

Radiation  experiments  with  Datura  have  been  continued  by  Buchholz, 
Blakeslee  and  collaborators  and  the  results  of  treatment  were  reported  in 
1928  and  later.  The  parts  treated  were  pollen  grains,  pollen  tubes, 
and  seeds.  Radium,  radium  emanation,  and  X-rays  all  produced  genetic 
effects  which  may  be  classified  under,  (A)  gene  mutations;  and  (B) 
chromosome  mutations. 

A.  Buchholz  reported  the  production  of  three  types  of  genes  which 
affect  pollen-tube  growth  in  heterozygous  plants:  (a)  those  which  cause 
the  failure  of  half  the  pollen  grains  to  germinate;  (6)  those  which  cause 
the  early  bursting  of  half  the  pollen  tubes;  and  (c)  those  which  cause  a 
slower  growth  of  half  the  tubes,  thus  forming  a  second  mode  of  distribu- 
tion in  the  style.  These  genes  are  transmitted  through  the  egg  cells, 
and  in  the  F2  generation  segregation  occurs  in  a  1:1  ratio  in  respect  to 
normals  and  plants  with  the  pollen  abnormality. 

Cartledge  and  Blakeslee  (16)  found  genes  which  are  transmitted 
through  the  eggs,  but  which  cause  the  abortion  of  the  pollen  grains 
affected  (8  cases),  and  about  a  dozen  other  genes  which  affect  pollen 
form  or  behavior. 

Avery  and  Blakeslee  (3)  found  visible  gene  mutations  of  various  kinds 
including  18  albinos,  13  pales,  8  with  rough  leaves,  and  4  male  steriles. 

B.  Bergner,  Satina,  and  Potter  reported  frequent  chromosomal 
abnormalities,  including:  (a)  segmental  interchange  between  chromo- 
somes ;  (6)  exchange  of  terminal  humps  (probably  satellites)  on  chromo- 
somes; (c)  simple  translocations  resulting  from  fragmentation  of  a 
chromosome,  one  part  of  which  is  left  as  a  free  fragment,  and  the  other 
part  of  which  is  permanently  united  to  a  nonhomologous  chromosome; 
and  (d)  deficiencies  of  a  whole  or  part  of  a  chromosome. 

Races  homozygous  for  modified  chromosomes  have  been  called 
"prime  types."  Seventy-five  prime  types  have  been  isolated  from 
radiated  Daturae,  in  48  of  which  one  or  both  of  the  modified  chromosomes 
have  been  identified.  Modified  chromosomes  from  these  prime  types 
have  been  used  in  synthesizing  "compensating  types."  The  latter  are 
plants  which  have  only  a  single  member  instead  of  a  pair  of  a  particular 
chromosome,  but  in  which  the  missing  chromosome  is  compensated  for 
by  parts  of  two  modified  chromosomes.     In  the  compensating  type, 
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Nubbin,  the  formula  of  which  is  2n  —  1-2  +  1-9  +  2-5,  parts  of  the 
1-9  and  2-5  chromosomes  compensate  to  make  the  equivalent  of  the 
missing  1-2  chromosome,  leaving  the  -9  and  the  -5  portions  as  extra 
chromosomal  material  responsible  for  the  peculiarities  of  the  type. 
Compensating  types  have  been  reported  for  8  of  the  12  chromosomes  of 
Datura. 

Three  pure-breeding  types,  synthesized  with  chromosomes  which  had 
been  modified  by  radiation,  have  been  reported  in  Datura.  Their 
formulae  are  as  follows: 

1.  2n  -  (11-12)2  +  (2-lM2)2 

2.  2n  -  (1-2)2  +  (-1)2  +  (2-2)2 

3.  2n  -  (13-14)2  -  (23-24)2  +  (2-14)2  +  (13-23)2  +  (-24)2 

All  three  types  are  similar  in  appearance  since  they  have  excess  -2 
material;  they  breed  true  since  the  excess  material  is  attached  to  an 
essential  chromosome. 

Stadler  (71)  described  experiments  showing  that  mutations  may  be 
induced  in  barley  by  radium  rays,  as  well  as  by  X-rays,  which  he  had 
previously  demonstrated.  The  source  of  the  rays  was  50  mg.  of  radium 
sulfate  sealed  in  a  thin  glass  tube  within  a  tube  of  silver  1  mm.  thick. 
Barley  seeds,  germinating  in  stacked  watch  glasses,  were  exposed  con- 
tinuously for  12  to  24  hr.,  at  distances  ranging  from  1.5  to  11  cm.  "The 
maximum  dose  (applied  to  seeds  immediately  above  and  below  that 
containing  the  radium  tube)  was  well  below  the  limit  of  tolerance." 
Out  of  a  total  of  1039  exposed  seeds,  3  "mutants"  were  reported;  out  of  a 
total  of  1341  control  seedlings  (unexposed),  no  mutants. 

The  following  year,  Goodspeed  (28)  showed  that  abnormalities  of 
cytological  behavior,  external  morphology,  and  fertility  may  be  induced 
in  various  species  of  Nicotiana  by  exposure  to  radium  rays  as  w'ell  as 
X-rays.  "Heritable,  qualitative  alterations"  of  various  kinds  followed 
treatment  of  the  sex  cells  of  A''.  Tabacum.  Lethality  was  conspicuous, 
and  both  dominant  and  recessive  changes  in  vegetative  and  floral  char- 
acters were  found.  The  paper  deals  chiefly  with  the  effects  of  X-ray 
treatment. 

Later,  Goodspeed  (29)  reported  the  occurrence  in  Nicotiana  progenies 
from  X-rays  and  radium  treatments  of  three  instances  of  apparent  gene 
alteration,  which  he  called  "recessive  monogenic  mutations,"  namely, 
pink  flower  color,  pistillody  of  the  androecium,  and  albino  seedlings. 

In  1930  Constatin  (20)  presented  a  summary  of  studies  of  the  genetical 
effects  of  radium  rays  and  X-rays,  also  an  extended  bibliography. 

Brittingham  (12)  studied  the  effect  of  rays  from  radon  (emanation) 
on  germ  cells  of  Oenothera  Lamarckiana  and  Oe.  franciscana.  An  unfil- 
tered  tube  of  radon  was  inserted  in  a  flower  cluster  parallel  with  the  flower 
buds,  thus  exposing  all  the  buds  of  the  cluster  at  distances  varying  from 
direct  contact  to  4  cm.     As  the  flowers  opened  after  treatment  they  were 
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self-pollinated.  A  necrotic  area  developed  in  the  inflorescence  where  the 
tube  rested.  The  rate  of  flowering,  size  of  the  flowers,  and  "the  fertility, 
chiefly  of  the  pollen,"  were  affected  more  or  less  according  to  the  dosage. 
The  percentage  of  germination  was  lowered  for  seeds  in  exposed  capsules, 
and  morphological  abnormalities  appeared  in  the  resulting  seedlings. 
Most  of  the  atypical  forms  were  too  weak  to  survive  field  conditions. 
One  of  the  abnormal  types,  of  Lamarckiana,  when  selfed,  gave  a  progeny 
in  which  the  parent  type  composes  approximately  one-fourth  (7  in  27) 
of  the  population.  When  one  of  the  abnormal  plants  from  Oe.  franciscana 
was  selfed,  an  entirely  new  form  appeared,  extremely  weak  and  with 
very  linear  mottled  leaves.  This  form  was  not  viable  under  field 
conditions. 

In  one  of  his  early  papers  on  mutation,  de  Vries  noted  that,  if  the 
chromatin  in  reproductive  cells  could  be  altered  by  some  external  agent, 
artificial  mutation  might  be  produced.  He  suggested  that,  by  skillful 
manipulation,  this  might  be  accomplished  by  bringing  the  sun's  heat  to  a 
focus  on  a  nucleus  by  means  of  a  burning  glass.  That  experiment  appears 
never  to  have  been  successfully  carried  out,  but  the  discovery  of  such 
penetrating  radiation  as  that  given  ofT  by  radium  placed  a  convenient 
device  in  the  hands  of  experimental  biologists. 

Koernicke  (41)  was  perhaps  the  first  botanist  to  perform  this  experi- 
ment, using  the  pollen  mother  cells  of  Lilium  Martagon.  Within  20  hr. 
after  a  5-hr.  exposure  to  radium  rays  the  chromatin  thread  of  the  nuclei 
of  these  cells  was  found  to  be  broken  up  into  double  segments,  much 
smaller  and  more  numerous  than  in  normal,  unexposed  cells.  Other 
abnormalities  were  also  figured,  including  the  lagging  behind  and  dropping 
out  of  chromosomes  during  their  passage  to  the  daughter  nuclei  during 
division. 

Experiments  on  cell-division  in  the  root-tips  of  Allium  cepa,  reported 
by  Gager  (25),  included  results  similar  to  those  of  Koernicke.  In  some 
cases,  small  masses  of  chromatin  became  stranded,  so  to  speak,  on  one 
side  of  the  main  nuclear  spindle  and  organized  a  distinctly  separate 
spindle,  resulting  finally  in  two  subsidiary  daughter  nuclei.  In  some 
cases,  the  nuclei  assumed  amoeboid  shapes,  quite  unlike  anything  seen 
in  normal,  unexposed  nuclei. 

The  problem  was  investigated  later  by  Opperman  (60),  who  used 
trout  eggs  fertilized  with  exposed  sperms  and  reported  results  essentially 
similar  to  those  obtained  by  Gager  and  by  Koernicke.  These  results 
naturally  suggested  experiments  for  the  purpose  of  ascertaining  whether 
true  mutations  may  be  produced  by  exposing  germ  cells  to  the  action  of 
radium  rays. 

At  the  meeting  of  the  Deutsche  Gesellschaft  fiir  Vererbungswissen- 
schaft  in  August,  1921,  Stein  exhibited  living  plants,  herbarium  material, 
and  photographs  to  illustrate  the  effect  of  exposure  to  radium  rays  on 
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Antirrhinum.  Along  with  normal  individuals  there  was  shown  a  series 
of  plants  grown  from  seeds  that  had  been  exposed  to  the  rays  in  1918  and 
1919.  They  were  described  as  vegetatively  persistent  {vegetativ- 
hartndckige)  if  not  constant  types.  They  were  designated,  "Radio- 
morphs"  (Radiomorphosen) .  The  variations  included  habitus,  color,  and 
form  of  leaves,  form  and  color  of  flowers,  and  reproductive  organs,  the 
latter  being  sterile  throughout.  Alterations  of  leaf  form  by  irradiation 
of  the  vegetative  points  were  shown  by  photographs. 

In  the  work  of  Stein  (72)  the  material  consisted  of  pedigreed  plants 
from  cultures  of  Dr.  E.  Bauer.  Seeds  of  these  plants  were  exposed  to 
the  rays  and  then  planted,  A  number  of  abnormal  types  appeared,  such 
as  dwarfs,  small  cutinized  leaved  plants,  and  plants  abnormal  in  form  and 
color.  In  the  small-leaved  forms  nondisjunction  of  the  chromosome  pairs 
was  frequently  observed  in  the  reduction  division.  Other  irregularities 
of  mitosis  in  the  formation  of  pollen  grains  are  described.  She  finally 
states  that  the  cause  of  the  appearance  of  radiomorphs  is  not  in  the 
chromosome  relations ;  it  must  be  plastic  substances  which  have  undergone 
alteration  and  from  which  an  embodiment  (Verkorperung)  of  this  altera- 
tion results.  But  the  nature  of  this  alteration  is  not  thereby  fathomed. 
We  can  see  how  it  works  out,  but  we  do  not  know  in  what  it 
consists. 

Radiomorphs  of  different  phenotype  have  certain  characters  in 
common,  such,  for  example,  as  enlarged  palisade  cells.  Their  somatic 
tissue  has  the  normal  chromosome  number.  By  somatic  reversion 
branches  arise  which  look  normal,  but  their  flowers  retain  the  sterility 
characteristic  of  the  radiomorphs.  They  have  produced  some  mutants. 
In  no  case  have  offspring  inherited  the  configuration  of  the  radiomorphs. 
In  Stein's  own  abstract  of  her  1927  work  (Biol.  Abst.,  1930,  transl.  by 
G.  L.  Fick),  she  states  that  "there  is  no  positive  proof  that  the  chromo- 
somes themselves  are  changed  by  irradiation." 

In  a  later  paper.  Stein  (73)  described  experiments  in  which  plants  in 
early  embryonic  stages  were  subjected  to  radium  treatment,  resulting  in 
induced  somatic  gene  mutations,  of  the  nature  of  carcinomas,  in  localized 
regions.  Germ  cells  descended  from  tissue  containing  the  altered  genes 
gave  rise  to  an  Fi  generation  which  had  an  inherited  tendency  to  plant 
carcinoma.  In  the  Fi  and  F2  generations,  however,  lesions  occurred  in 
any  part  of  the  body,  while  in  the  parental  plants  they  occurred  only  in 
tissues  derived  directly  from  regions  of  the  embryo  in  which  the  gene 
mutation  had  been  induced.  She  interprets  this  not  as  a  case  of  the 
inheritance  of  acquired  characters  but  of  the  inheritance  of  gene  mutations 
induced  in  somatic  tissue.  The  material  was  Antirrhinum  majus.  A 
more  extended  account  of  further  experiments  on  the  inheritance  of 
plant  carcinomas  in  the  same  genus  is  also  given  by  Stein  (75).  Here 
she  states  that  the  heredity  of  these  abnormalities  has  a  chromosomal 
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basis.     These    "phytocarcinomas"   are   similar   to   tumors   in   animals 
and  in  man.     (For  a  further  report  see  also  Stein,  74.) 
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The  role  of  light  in  the  formation  of  the  chloroplast  pigments:  Chlorophyll — Caro- 
tenoids.  The  optical  properties  of  leaves.  Optical  properties  of  the  chloroplast  pigments. 
Effect  of  light  intensity  in  photosynthesis:  Inhibition  by  high  light  intensities — Nutri- 
tional factors — Chemical  inhibitors — Temperature — Light  and  internal  factors;  Water, 
Chlorophyll — Light  intensity  and  morphological  factors — Time  effect  in  photosynthesis — 
Compensation  points — The  limits  of  light  intensity  utilizable  in  photosynthesis — Effect 
of  wave-length  on  photosynthetic  rates;  Infra-red,  visible,  ultra-violet — Wave-length  limits 
of  photosynthesis.  The  mechanism  of  the  photosynthetic  reaction.  The  energy  relations  of 
photosynthesis:  The  apparent  efficiency  of  the  photosynthetic  process — The  real  efficiency 
of  the  photosynthetic  reaction — Energy  transfer.  Photosynthesis  in  bacteria:  Purple 
sulfur  bacteria.     References. 

In  this  survey  the  discussion  is  confined  as  closely  as  has  been  possible 
to  those  aspects  of  the  phenomenon  of  photosynthesis  which  are  primarily 
concerned  with  the  influence  of  light.  Of  necessity,  even  such  a  restricted 
discussion  involves  a  wide  range  of  physical  and  chemical  concepts  and 
naturally  demands  some  knowledge  of  fields  which  are  ancillary  to  the 
central  theme.  It  has  obviously  not  been  possible  to  give  consideration 
to  all  the  work  which  has  been  done  in  this  field.  This  is  especially 
true  of  the  older  publications.  The  aim  has  been  to  describe  the  present 
status  of  the  subject  with  some  consideration  of  the  background  offered 
by  the  older  work.  For  a  discussion  of  this  reference  is  made  to  the 
following  monographs :  H.  Schroeder,  Die  Hypothesen  liber  die  chemischen 
Vorgange  bei  der  KohlensaUre-Assimilation  und  ihre  Grundlagen,  Jena, 
1917;  J.  Holluta,  Die  neueren  Anschauungen  uber  die  Dynamik  und 
Energetik  der  Kohlensaureassimilation,  Stuttgart,  1926;  W.  Stiles, 
Photosynthesis,  The  assimilation  of  carbon  by  green  plants,  London, 
1925;  H.  A.  Spoehr,  Photosynthesis,  New  York,  1926. 

THE  ROLE  OF  LIGHT  IN  THE  FORMATION  OF  THE  CHLOROPLAST 

PIGMENTS 

CHLOROPHYLL 

It  is  very  generally  agreed  that  chlorophyll  is  essential  for  photo- 
synthesis. Although  this  fact  has  not  been  demonstrated  with  the 
complete  certainty  desirable  for  such  an  important  conclusion,  as  yet  no 
evidence  has  been  presented  contrary  to  the  assumption  that  the  plant 
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must  contain  some  colored  substance  capable  of  absorbing  visible  light 
and  that  this  role  can  be  chiefly  ascribed  to  chlorophyll.  At  the  same 
time,  a  more  intimate  study  of  the  other  pigments  of  the  chloroplasts  and 
of  the  pigments  of  such  plants  which  carry  on  photosynthesis  with  other 
pigments  and  a  modified  mechanism,  e.g.,  the  sulfur  bacteria  (possibly 
survivors  of  another  age),  may  contribute  greatly  to  an  understanding 
of  principles  involved. 

Light  is  essential  for  the  greening  of  most  plants,  but  there  are  a 
number  of  other  factors  of  equal  importance,  viz.,  temperature,  oxygen 
supply,  available  carbohydrates,  mineral  nutrients,  and  notably  iron. 
The  influence  of  the  various  factors  has  usually  been  studied  singly.  It  is 
not  improbable  that  they  are  intimately  interrelated,  and  that  in  order 
to  gain  a  more  complete  conception  of  the  mechanism  of  chlorophyll 
formation,  it  will  be  necessary  to  consider  the  interrelation  of  the  factors 
concerned.  The  complexity  of  the  subject  is  further  emphasized  by 
results  obtained  from  the  extensive  genetic  studies  of  chlorophyll 
abnormalities  (64, 64a).  For  the  greening  of  virescent  types  Demerec  (19) 
showed  that  temperature  is  quite  as  important  a  factor  as  light.  The 
subject  of  chlorophyll  formation  is,  of  course,  only  ancillary  to  the  main 
topic  here  being  considered  and  we  shall  confine  the  discussion  to  a  brief 
review  of  the  influence  of  light  in  this  process. 

It  has  been  realized  for  a  long  time  (139)  that  all  plants  do  not  require 
light  for  the  formation  of  chlorophyll,  although  the  amount  formed  in 
tlie  dark  is  usually  very  small  as  compared  with  that  produced  in  the 
light  (139,  71).  Some  conifers  (11),  ferns  (99,  page  159),  mosses  (121), 
and  algae  (3,  99,  41,  page  442)  have  been  observed  to  produce  chloro- 
phyll in  the  dark.  Ordinarily  exceedingly  low  intensities  of  light  are 
sufficient  to  produce  some  chlorophyll  in  most  plants.  Now,  it  is  known 
that  in  respiration,  besides  heat,  some  radiations  are  emitted  as  light. 
Although  these  are  usually  of  short  wave-length,  may  it  not  be  possible 
that  in  those  plants  which  form  chlorophyll  in  the  dark  sufficient  radiation 
is  produced  in  this  manner  that  the  plant  can  form  chlorophyll  from  its 
own  internal  bioluminescence?  In  fact,  Kostytschew  (55)  quotes  a 
Russian  investigation  to  the  effect  that  the  intensity  of  bacterial  light  is 
sufficient  to  produce  chlorophyll  in  etiolated  plants. 

Apparently  light  is  not  necessary  for  the  maintenance  of  chlorophyll 
in  all  plants,  for  Dangeard  (15)  cultured  Scenedesmus  acutus  on  a  nutrient 
solution  containing  1  per  cent  of  glucose  for  eight  years  in  the  dark  without 
the  loss  of  chlorophyll.  At  the  end  of  this  period  the  algae  still  possessed 
the  capacity  to  do  photosynthetic  work  when  placed  in  the  light,  although 
profound  morj^hological  changes  had  occurred.  It  is  interesting  that 
with  higher  concentrations  of  organic  material  in  the  nutrient  solution 
the  chlorophyll  disappears,  an  observation  which  has  also  been  made 
by  Pringsheim  (91,  page  8). 
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But  most  plants  require  light  for  the  formation  of  chlorophyll  and 
for  this  the  wave-length  of  the  light,  its  intensity,  and  the  length  of 
exposure  are  of  significance.  Much  of  the  earlier  investigation  was  done 
with  methods  which  could  yield  only  qualitative  results.  In  fact,  two 
rather  distinct  aspects  must  be  considered,  namely,  it  is  necessary  to 
differentiate  between  the  formation  of  clilorophyll  and  its  accumulation. 
In  the  first  case  one  would  be  dealing  with  the  appearance  of  the  first 
traces  of  chlorophyll,  and  in  this  case  the  difficulties  of  accurately  deter- 
mining extremely  small  quantities  of  the  pigment  must  be  dealt  with. 
In  determinations  involving  the  accumulation  of  chlorophyll  considera- 
tion must  also  be  given  to  the  simultaneous  decomposition  of  the  pigment, 
which  may  occur  under  a  variety  of  conditions;  particularly  in  the  sudden 
exposure  of  a  plant  to  light  of  high  intensity. 

There  is  an  extensive  older  literature  dealing  with  the  formation  of 
chlorophyll  in  different  portions  of  the  spectrum  (139).  For  this  purpose 
use  has  been  made  of  optical  prisms,  gratings,  and  filters  (94),  but  insuf- 
ficient regard  has  been  paid  to  intensity  and  possible  destructive  action 
of  light  on  the  chlorophyll.  The  result  of  the  total  of  this  work  is  a 
rather  confused  picture  and  there  are  few  points  on  which  there  is  general 
agreement.  The  infra-red  and  extreme  red  end  of  the  spectrum  is 
apparently  without  benefit  to  chlorophyll  formation  (47).  The  orange- 
yellow  rays  have  been  generally  regarded  as  the  most  effective  in  chloro- 
phyll formation;  also  in  this  portion  of  the  spectrum  the  destruction  of 
the  chlorophyll  is  most  pronounced.  Chlorophyll  formation  also  occurs 
in  the  blue  end  of  the  spectrum,  though  it  is  not  certain  what  the  limit 
is  in  the  violet  region.  There  is  as  yet  no  agreement  as  to  whether 
chlorophyll  formation  in  different  portions  of  the  spectrum  accords  with 
the  absorption  spectrum  of  chlorophyll. 

The  complexity  of  the  series  of  reactions  involved  in  chlorophyll  for- 
mation has  been  emphasized  by  almost  everyone  who  has  given  the 
subject  intensive  study.  It  would  appear  that  little  is  to  be  learned 
from  a  consideration  of  light  only  as  a  factor  in  this  process.  Of  equal 
importance  are  the  nutritive  substrate  in  the  cells  containing  the  chloro- 
plasts  and  the  action  of  certain,  as  yetonly  imperfectly  described,  enzymes. 
Light  may  affect  the  general  reaction  of  greening  in  various  ways,  directly 
through  a  photochemical  reaction  of  some  precursor  of  chlorophyll  and 
indirectly  through  its  influence  on  the  permeability  of  the  cells,  thus 
affecting  the  nutrition  of  the  plastid. 

Several  theories  have  been  advanced  in  an  effort  to  describe  the 
chemical  steps  involved  in  chlorophyll  formation,  notably  by  Lubimenko 
(67,  68,  69,  70,  71),  Noack  (85),  and  Liro  (65).  Lubimenko  strongly 
supports  the  contention  that  the  chloroplast  pigments  are  intimately 
bound  to  protein  constituents  of  the  plastids  and  consequently  the  forma- 
tion of  chlorophyll  must  also  be  dependent  upon  the  protoplasmic  activity 
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of  the  cell.  It  is,  therefore,  primarily  the  quantity  of  oxidizing  enzymes 
and  the  intensity  of  oxidations  which  influence  directly  the  accumulation 
of  chlorophyll  in  the  plastids. 

The  precursors  of  chlorophyll  are  considered  to  be  colorless  substances 
which  in  a  series  of  steps  are  converted,  apparently  through  oxidation, 
to  the  colored  compounds.  Unfortunately  considerable  confusion  exists 
concerning  the  nomenclature  of  these  hypothetical  precursors  of  chloro- 
phyll and  clarification  of  the  subject  can  probably  not  be  attained  until 
intensive  chemical  investigations  on  these  substances  have  been  com- 
pleted comparable  to  those  which  have  been  made  on  chlorophyll  itself. 
Some  important  results  in  this  field  have  already  been  obtained  by 
Noack  and  Kiessling  (85).  Lubimenko  considers  that  chlorophyll  arises 
in  several  steps:  through  catalytic  oxidation  of  the  colorless  leucophyll 
there  is  formed  chlorophyllogen,  a  pigment  having  an  absorption  spec- 
trum resembling  that  of  chlorophyll.  In  some  of  the  algae,  the  young 
sporelings  of  ferns  and  bryophytes,  and  in  some  of  the  conifers  chlorophyl- 
logen is  converted  into  chlorophyll  without  the  action  of  light.  Seedlings 
of  angiosperms,  in  which  the  system  of  nourishing  the  embryo  is  more 
complex,  require  light  for  the  formation  of  chlorophyll  from  chlorophyl- 
logen. This  reaction,  according  to  Lubimenko,  is  most  rapid  in  the  red 
end  of  the  spectrum,  the  blue  rays  are  next  in  activity,  while  the  green 
rays  have  little  effect.  Under  the  influence  of  various  physical  and 
chemical  agents  the  cell  proteins  are  precipitated  and  chlorophyllogen 
gives  rise  to  another  pigment,  protochlorophyll,  having  an  absorption 
spectrum  in  which  the  bands  are  displaced  toward  the  violet  as  compared 
with  chlorophyll.  From  the  experiments  of  Lubimenko  it  seems  probable 
that  light  also  influences  the  enzymatic  reactions  which  give  rise  to  the 
formation  of  leucophyll  and  that  light  also  induces  the  decomposition  of 
chlorophyll  already  accumulated.  As  a  result  of  this  extremely  complex 
situation  it  is  not  surprising  that  it  has  been  difficult  to  obtain  concordant 
opinions,  that  every  species  seems  to  possess  a  different  optimum  light 
intensity  for  chlorophyll  formation,  and  that  this  optimum  varies  with 
the  age  and  previous  treatment  of  the  plant. 

While  Lubimenko  and  also  Liro  consider  that  protochlorophyll  is  of 
the  nature  of  a  postmortal  product  of  a  chlorophyll  precursor,  Noack  (85) 
regards  protochlorophyll  as  the  immediate  precursor  of  chlorophyll. 
Lubimenko  bases  his  conclusion  on  the  fact  that  he  could  not  identify  the 
presence  of  the  protochlorophyll  absorption  spectrum  in  living  plants. 
Noack  believes  that  this  was  due  to  the  fact  that  the  concentration  of 
protochlorophyll  in  living  leaves  is  exceedingly  small.  He  claims  to 
have  obtained  the  characteristic  red  absorption  band  of  protochlorophyll 
by  means  of  special  methods  even  in  living  leaves.  But,  he  points  out, 
the  concentration  of  protochlorophyll  in  leaves  is  so  very  small  that 
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it  must  be  regarded  in  the  liglit  of  an  iuterinediatc  product  v,hieii  never 
accumulates  to  any  great  extent  and  itself  arises  from  some  other  related 
compound.  Noack  and  Kiessling  (85)  prepared  sufficient  quantities  of 
protochlorophyll  from  the  inner  coats  of  the  seeds  of  certain  Cucwbitaceae 
to  carry  out  physical  and  chemical  investigations  on  it.  The  absorption 
bands  of  protochlorophyll  in  ether  solution  are  reported  by  Scharfnagel 
(98)  as  follows:  I.  6300  to  6150  A,  II.  6080  to  5950  A,  III.  5790  to  5600  A, 
IV.  5300  to  5200  A  and  in  the  following  order  of  intensity:  I,  IV,  III,  II. 
The  emission  spectrum  of  the  red  fluorescence  of  protochlorophyll  is 

o 

shifted  toward  the  violet:  fluorescence  of  chlorophyll,  6850  to  6280  A,  of 
protochlorophyll  6570  to  6190  A. 

Through  a  series  of  chemical  investigations  Noack  and  Kiessling  have 
established  a  relationship  between  protochlorophyll  and  chlorophyll  a. 
They  conclude  that  the  latter  is  a  product  of  photooxidation  of  the  former. 
They  found  no  evidence  of  two  protochlorophylls  corresponding  to  the 
a  and  h  modification  of  chlorophyll.  That  the  oxidation  of  protochloro- 
phyll to  chlorophyll  occurs  in  the  living  leaves  and  not  in  leaves  which 
have  been  killed  was  shown  by  Scharfnagel  (98)  who  also  found  some 
indications  that  with  illumination  of  high  intensity  the  amount  of  chloro- 
phyll formed  from  protochlorophyll  is  less  than  with  light  of  moderate 
intensity. 

o 

By  using  the  first  appearance  of  the  X6650  A  absorption  band  of 
chlorophyll  as  a  criterion  for  the  beginning  of  chlorophyll  formation  in 
etiolated  Zea  Mays  seedlings,  exposed  to  light  passing  through  an  assort- 
ment of  filters,  Schmidt  (100)  determined  the  influence  of  different  wave- 
lengths. Measurements  were  made  of  the  time  of  exposure  required  for 
the  first  appearance  of  chlorophyll  and  these  times  were  then  calculated 
on  the  basis  of  equal  intensities  for  the  different  filters.     Maximum 

o 

chlorophyll  formation  was  found  to  occur  in  the  orange,  X7100  to  6100  A, 
but  falling  off  toward  the  red  end  of  the  spectrum ;  a  minimum  was  found 
in  the  green  and  a  secondary  maximum  in  the  blue.  Light  which  had 
been  filtered  through  an  alcoholic  chlorophyll  solution  was  ineffective  in 
producing  chlorophyll.  The  superior  effectiveness  of  the  red  rays  is 
also  shown  in  the  investigations  of  Sayre  (96)  who,  however,  simply 
compared  the  relative  greenness  of  the  experimental  plants  with  controls 
grown  under  all  wave-lengths  of  light.  From  this  work,  in  which  light 
filters  were  used  which,  of  course,  do  not  yield  monochromatic  light,  it 
would  appear  that  the  limit  for  chlorophyll  formation  in  the  red  end  of 
the  spectrum  is  X6800  A. 

Attempts  to  determine  the  influence  of  light  on  chlorophyll  accumula- 
tion under  controlled  environmental  conditions  have  served  to  demon- 
strate the  complexity  of  this  reaction.  They  tend  to  confirm  the 
conclusion  formulated  by  Lubimenko  (70),  that  maximum  chlorophyll 
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formation  occurs  at  a  definite  light  intensity,  that  this  varies  with  the 
species  and  age  of  plant,  and  that  either  above  or  below  this  intensity 
chlorophyll  accumulation  may  decrease.  Thus,  Shirley  (106)  found  that 
the  chlorophyll  concentration  per  unit  leaf  weight  and  unit  leaf  area  of  a 
variety  of  plants  showed  an  increase  with  decreasing  light  intensities. 
Further  decrease  in  light  intensity  resulted  in  a  decrease  in  chlorophyll 
content.  Leaves  of  different  species  vary  widely  in  chlorophyll  content, 
and  sunflower,  which  has  a  relatively  low  content,  showed  relatively 
slight  variations  with  light  intensity,  while  hog  peanut  [Amphicar'pa 
monoica  (L.)  Ell.],  with  a  high  content,  showed  large  variations  with 
different  concentrations. 

The  effect  of  increasing  the  duration  of  illumination,  by  supplying 
supplementary  electric  light,  is  demonstrated  by  the  experiments  of 
Guthrie  (36)  and  of  Sjoberg  (108).  In  Guthrie's  experiments  an  increase 
in  illumination  (12  hr.  daylight  and  12  hr.  electric  light)  resulted  in  a 
decrease  in  chlorophyll  content.  Reducing  the  light  intensity  to  12  per 
cent  of  normal  sunlight  resulted  in  an  increase  in  chlorophyll.  Provided 
the  intensity  was  kept  the  same,  elimination  of  blue  light  (by  means  of 
glass  filters)  resulted  in  a  slight  decrease  in  chlorophyll,  while  elimination 
of  the  red  light  caused  a  very  slight  increase,  though  this  is  not  certain. 
Shirley's  (106)  results  indicate  that  with  light  intensities  of  10  per  cent 
of  full  sunlight  all  of  the  five  spectral  regions  used  by  him  gave  about  the 
same  chlorophyll  concentrations,  though  the  spectral  region  X5290  to 

o 

7200  A  usually  gave  lower  values. 

The  experiments  of  Sjoberg  demonstrate  that  during  February  and 
March  the  natural  light  intensity  was  not  sufficient  for  maximal  chloro- 
phyll formation  and  even  with  supplementary  illumination  this  value 
was  not  reached.  As  the  natural  illumination  increased  during  April, 
supplementary  illumination  produced  maximal  chlorophyll  content,  until 
later  in  the  year  the  artificial  illumination  had  no  effect.  Sjoberg's 
experiments  also  demonstrate  that  a  longer  period  of  relatively  low 
intensity  illumination  is  more  advantageous  for  pigment  formation  than 
a  shorter  period  of  high  intensity.  Thus  Brassica  rapa,  using  artificial 
illumination  during  periods  of  4,  6,  9^4:>  13H>  ^^^  24  hr.  with  equal  total 
intensities  for  all  the  periods,  showed  maximal  pigment  formation  when 
illuminated  for  9  to  13  hr.  each  day. 

Owing  to  inherent  complications  in  the  methods  of  separation  and 
analysis,  it  is  extremely  difficult  to  arrive  at  thoroughly  valid  conclusions 
concerning  the  possible  changes  in  the  two  chlorophyll  components  under 
different  environmental  conditions.  Guthrie  (36)  has  obtained  some 
evidence  that  the  a:b  ratio  is  lowered  by  the  elimination  of  blue  light. 
This  was  also  found  to  be  the  case  in  tomato  plants  which  were  exposed  to 
continuous  artificial  illumination.  The  conclusions  of  Wlodek  (146) 
that  the  intensity  of  the  illumination  causes  a  change  in  the  a.b  coefficient 
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are  subject  to  the  uncertainties  of  determining  the  concentration  of  the 
two  components  by  spectroscopic  examination  of  the  hving  leaves.^ 

When  we  turn  to  the  question  of  the  chlorophyll  content  of  plants 
under  natural  conditions,  a  much  more  complicated  condition  is  encoun- 
tered. Willstatter  and  StoU  (143)  found  that  the  content  of  chlorophyll 
and  the  ratio  of  the  two  components  did  not  change  during  long  periods 
of  photosynthesis  even  under  conditions  of  high  activity.  This,  however, 
was  under  laboratory  conditions,  and  they  themselves  point  out  (143, 
page  40)  that  it  is  conceivable  that  under  conditions  of  excessive  illumina- 
tion chlorophyll  may  be  decomposed.  As  a  matter  of  fact,  fluctuations 
in  the  chlorophyll  content  of  plants  growing  under  natural  conditions 
have  been  observed.  Variations  as  high  as  30  per  cent  in  24  hr.  have 
been  reported  by  Henrici  (42,  43)  occurring  on  sunny  days  in  Bechuana- 
land  grasses.  The  decreases  occur  from  early  morning  to  midday  and 
the  increases  during  the  ensuing  night,  both  depending  upon  the  complex 
of  meteorological  conditions.  The  chlorophyll  content  also  varies  during 
the  course  of  the  year,  being  high  in  the  young  leaves,  decreasing  with  the 
intensity  of  the  drought  periods,  and  increasing  after  the  rains.  There 
are  also  differences  from  year  to  year.  Similarly,  Stalfelt  (113)  has 
reported  decided  fluctuations  during  the  course  of  the  year,  in  the  chloro- 
phyll content  of  Pinus  silvestris  and  Picea  excelsa  growing  near  Stock- 
holm, though  no  correlations  could  be  established  between  these  fluctua- 
tions and  light  intensities  or  temperatures.  On  the  other  hand,  in  the 
experiments  of  Sjoberg  (108),  also  carried  out  near  Stockholm  under 
natural  conditions,  but  with  Vicia  Faha  and  Tropaeolum  majus,  the  varia- 
tions of  chlorophyll  content  were  such  that  the  high  values  coincided  in 
general  with  periods  of  high  light  intensity  and  vice  versa.  It  is  evident 
that  a  great  deal  more  investigation  is  required  in  which  light  intensities 
(both  total  and  of  different  spectral  regions)  are  measured  and  also  other 
factors,  such  as  leaf  temperatures,  must  be  considered  in  order  to  arrive 
at  conclusions  of  more  general  validity. 

Carotenoids 

The  carotenoid  pigments,  carotene  and  xanthophyll,  have  been  found 
always  to  accompany  chlorophyll  in  organs  capable  of  photosynthesis. 
The  role  of  these  orange-yellow  pigments  in  the  photosynthetic  process 
is  as  yet  not  known ;  in  fact,  it  is  not  certain  that  they  play  a  direct  part 
and  opinions  on  this  are  still  at  variance.  In  general,  there  have  been 
two  schools  concerning  the  possible  function  of  the  carotenoid  pigments 
in  photosynthesis:  the  one  ascribes  a  purely  chemical  role  to  them,  the 
other  places  chief  emphasis  on  their  optical  properties.     Whether  either 

'  It  may  not  be  amiss  to  state  here  that  the  nomenclature  of  the  chlorophyll 
components,  as  nearly  as  they  are  comparable,  is  as  follows:  Chlorophyll  a  (Will- 
statter) =  neochlorophyll  (Marchlewski)  =  chlorophyll  a  (Tswett);  and  chlorophyll 
b  (Willstatter)  =  allochlorophyll  (Marchlewski)  =  cMorophyll  ^  (Tswett).     (Cf.  46.) 
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one  of  these  will  lead  to  the  correct  answer  or  some  other  explanation 
of  their  role  will  be  found  will  in  all  probability  depend  upon  further 
investigation  of  their  chemical  composition  and  their  physical  and 
chemical  properties. 

As  in  the  case  of  chlorophyll,  no  simple,  definite  statement  can  be 
made  concerning  the  influence  of  light  on  the  formation  of  these  pigments. 
The  extensive  older  literature  has  been  well  reviewed  by  Kohl  (54)  and 
the  more  recent  methods  of  estimation  by  Deleano  and  Dick  (18).  The 
fundamental  difficulty  in  the  problem  is  that  until  recently  there  have 
not  been  reliable  methods  for  the  separation  of  the  various  leaf  pigments 
and  their  accurate  determination.  Even  at  the  present  time,  with  modern 
spectrometric  apparatus,  the  task  is  associated  with  difficulties  and  pit- 
falls which  reveal  themselves  only  after  considerable  experience.  If  the 
pigment  has  not  been  isolated  in  pure  form,  the  depth  of  color  of  a 
solution  can  very  rarely  be  taken  as  a  measure  of  its  concentration. 

The  presence  of  xanthophyll  in  etiolated  seedlings  has  been  estab- 
lished by  Euler  and  Hellstrom  (27)  and  by  Sjoberg  (108).  From  their 
results  it  is  also  apparent  that  the  amount  of  this  pigment  is  increased 
through  the  action  of  light.  In  etiolated  barley  Euler  and  Hellstrom  (27) 
could  not  detect  any  carotene  with  the  exception  of  a  few  cases  in  which 
traces  of  chlorophyll  were  also  found.  On  illumination,  the  carotene 
was  found  to  increase  appreciably.  On  the  other  hand,  Sjoberg  found 
distinct  yellow  coloration,  due  to  carotene  and  xanthophyll,  in  the 
etiolated  tips  of  the  leaves  of  oats,  though  the  latter  pigment  was  present 
in  relatively  much  larger  quantity  than  the  former.  The  amounts  were 
decidedly  increased  by  exposure  to  light.  He  also  was  able  to  detect 
traces  of  carotene  in  the  tips  of  etiolated  seedlings  of  cress.  It  is  just 
possible  that  differences  of  temperature  at  which  the  seeds  are  sprouted 
may  account  for  these  variable  results.  Sjoberg  found  that  the  etiolated 
shoots  of  plants  with  storage  organs  contain  both  carotene  and  xantho- 
phyll and  that  the  amounts  they  contain  are  increased  by  exposure  to 
light.  As  was  the  case  in  the  experiments  of  Guthrie  (36)  with  chloro- 
phyll, long  periods  of  illumination  decreased  the  amounts  of  carotenoids 
in  both  soy  beans  and  tomatoes.  When  plants  were  placed  in  the  dark  the 
chlorophyll  content  decreased,  but  the  carotenoids  did  not  show  a  parallel 
decrease.  On  the  basis  of  the  similarity  in  composition  of  carotene  and 
phytol  the  possibility  of  a  genetic  relationship  between  carotene  and 
chlorophyll  was  considered  by  Willstatter  and  Mieg  (141)  and  by  Smith 
(109),  and  this  has  received  some  experimental  support  by  Rudolph 
(95). 

THE  OPTICAL  PROPERTIES  OF  LEAVES 

The  light  which  falls  upon  a  leaf  is  in  part  reflected  by  it,  in  part 
absorbed  by  the  materials  of  the  leaf,  and  is  in  part  transmitted  through 
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it.  In  any  consideration  of  the  role  of  light  in  photosynthesis  the  optical 
properties  of  the  chlorophyll-bearing  organ  is  of  great  importance, 
especially  if  any  information  regarding  quantitative  relationships  is  to 
be  gained.  Advance  in  this  problem  has  been  greatly  aided  by  the 
application  of  recent  developments  in  physical  and  optical  apparatus  for 
the  measurement  of  light  and  of  useful  artificial  sources  of  light.  Helpful 
compilations  of  the  theory  and  use  of  the  methods  and  apparatus  for  work 
in  this  field,  with  special  application  to  plant  physiological  problems, 
have  been  prepared  by  Nuernbergk  (86)  and  by  Gaffron  (30).  Space 
does  not  permit  discussion  of  this  important  aspect  of  the  experimental 
treatment  of  the  problems  concerned.  This  subject  is  treated  in  another 
section  of  this  report  to  which  reference  must  be  made  and  to  the  works 
just  cited.  The  older  literature  has  been  reviewed  by  Ursprung  (122), 
and  a  compilation  of  transmission  data  of  a  large  variety  of  leaves  has 
been  made  by  Schanderl  and  Kaempfert  (97). 

A  not  insignificant  portion  of  the  light  falling  on  a  leaf  is  reflected  from 
its  surface.  The  quantity  depends,  of  course,  upon  the  angle  of  incidence 
of  the  light,  and  also  upon  the  texture  of  the  leaf  surface,  its  age,  and  the 
spectral  composition  of  the  light.  In  the  leaves  of  land  plants  reflection 
occurs  at  the  outer  surface  and  also  within  the  leaf,  at  the  surfaces  of  the 
intercellular  spaces,  in  fact,  wherever  the  light  strikes  an  interface  of 
material  of  different  refractive  index.  The  leaves  of  land  plants,  there- 
fore, offer  a  very  complex  system;  this  may  be  somewhat  simpler  in  the 
case  of  aquatics. 

In  the  spectrophotometric  measurements  of  Pokrowski  (90)  and  of 
Shull  (107)  the  percentage  of  90  deg.  reflection  of  light  from  the  upper 
surface  of  a  variety  of  leaves  of  trees  and  herbaceous  plants  was  found  to 
vary  from  about  3  to  15  per  cent.  From  green  leaves  the  amount  of 
reflection  is  maximum  for  light  of  X5400  to  5600  A.  In  this  region  the 
reflection  is  5  to  10  per  cent  in  the  darkest  green  leaves  and  20  to  25  per 
cent  in  the  lightest  green  foliage.  A  reflection  minimum  has  been 
observed  at  the  maximum  absorption  band  of  chlorophyll,  X6600  to 
6800  A,  though  this  is  not  always  the  case.  Albino  leaves  reflect  very 
much  more  light  than  green  ones,  amounting  to  40  to  50  per  cent  and 
these  reflect  mainly  the  radiations  of  longer  wave-length.  The  under 
surface  of  leaves  reflects  more  light  than  the  upper  surface,  though  the 
values  for  different  wave-lengths  run  about  parallel.  It  is  interesting 
that  hairiness  or  smoothness  of  the  cuticle  does  not  regularly  result  in  high 
reflection.  The  extensive  investigations  of  Seybold  (104,  a,  h,  c)  on  the 
basis  of  energy  measurements,  in  the  main,  confirm  the  results  of  Pok- 
rowski and  of  Shull.  Seybold  has  made  a  thorough  study  of  the  complex 
system  which  the  green  leaf  presents  as  an  absorbing  and  reflecting 
medium.  The  order  of  magnitude  of  the  values  for  reflection  of  a  parallel 
beam  of  light  falling  on  a  leaf  and  for  diffuse  light  is  the  same.     In 
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Table  1  are  given  mean  relative  values  of  the  reflection  of  diffuse  daylight 
obtained  by  Seybold  (1046). 

Table  1. — Relative  Values  of  the  Reflection  of  Diffuse  White  Light 

Per  Cent 

Magnesium  oxide 100 

A  esculus  Hippocaslanurn 

White-leaf  surface 36 

Green-leaf  surface 10 

Pelargonium  zonule 

White-leaf  surface 38 

Green-leaf  surface 16 

Syringa  vulgaris 14 

Polygonatuni  sachalinense 14 

Acer  j)seu(loplalanus 11 

Soot 4 

The  epidermis  of  leaves,  particularly  if  this  is  heavily  cutinized  or 
covered  with  wax,  as  in  xerophytes,  affects  the  light  which  enters  the 
parenchyma.  Such  cuticular  layers  have  an  effect  similar  to  a  sheet  of 
parchment,  so  that  the  light  reaching  the  chloroplasts  is  diffuse.  Some 
light  is  also  absorbed  by  these  layers;  in  shade  plants  this  is  very  small, 
but  in  alpine  and  desert  plants  the  transmission  may  be  as  low  as  15  to 
25  per  cent,  according  to  Schanderl  and  Kaempfert  (97). 

For  almost  30  years  the  values  for  the  amount  of  radiant  energy  which 
is  absorbed  by  green  leaves  as  determined  by  Brown  and  Escombe  (9) 
have  been  used  in  investigations  on  the  energy  relations  of  photosyn- 
thesis. They  found  that  65  to  77  per  cent  of  the  incident  radiant  energy 
was  absorbed  by  the  various  leaves  which  they  studied.  Recently  these 
determinations  have  been  superseded  by  more  accurate  measurements 
made  possible  through  the  development  of  modern  light-measuring 
apparatus  and  optical  equipment,  and  in  which  some  factors  neglected 
in  the  older  determinations,  chiefly  reflection,  have  been  considered. 
The  values  for  absorption  have  usually  been  obtained  on  the  basis  of  the 
transmission  and  reflection  of  light.  These  values  were  expressed  as 
absorption  coefficients,  but  more  recently  in  terms  of  per  cent  of  the 
incident  light  absorbed: 

Absorption  =  100  —  (transmission  -|-  reflection) 

Earlier  determinations  were  made  with  sunlight,  because  of  the  desire 
to  approach  "natural"  conditions.  They  possess  the  uncertainties 
associated  with  this  source  of  illumination,  owing  to  irregularities  in 
intensity  and  spectral  composition.  For  obvious  reasons  it  is  desirable 
to  know  the  absorption  by  the  leaf  of  different  wave-lengths  or  portions 
of  the  spectrum  and  this  can  be  more  easily  obtained  with  artificial 
sources  than  with  sunlight. 

The  determination  of  the  absorption  spectra  of  a  variety  of  green 
leaves  has  yielded  results  which  are  in  general  very  much  alike  (4,  26,  26a, 
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67,  90,  93,  104r,  124).  Maximum  absorption  appears  in  the  red  and  in 
the  bhie-violet  regions  of  the  spectrum  and  maximum  transmission  in  the 
green.  The  spectrum  is  composed  of  several  bands,  the  maxima  of 
these  as  reported  by  Willstatter  and  StoU  (143)  for  Sambucus  nigra  at 
about  X6750,  6240,  5850,  5430  A  and      loo 

o 

an  end  absorption  from  X5190  A.  If 
the  percentage  absorption  is  plotted 
against  wave-length,  the  bands  of 
absorption  are  not  nearly  so  distinct  as 
the  pubUshed  spectrograms  indicate, 
owing  to  "contrast  bands"  which 
appear  in  spectrograms  and  in  visual 
observations.  An  absorption  curve  of 
Sambucus  nigra  as  determined  by 
Seybold  (104c)  is  shown  in  Fig.  1. 
There  is  some  difference  of  opinion 
concerning  the  variability  of  the 
absorption  spectra  of  different  leaves 
(Lasareff,  62).     Lubimenko   (67)  is  of 
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Fig.    1. — -Comparative  spectral  trans- 
mission curves  for:  1,  dilute  solution  of 
chlorophyll  in  acetone;  2,  concentrated 
the  opinion  that  each  leaf  possesses  its    solution    of    chlorophyll    in    acetone;    3, 

own  transmission  spectrum.  ^«^^'  ^'^^^^''^^  ^^>«-    (Sei/feoZd,  I04c.) 

That  variations  in  transmission  spectra  of  leaves  should  exist  seems 
inevitable.  The  transmission  curves  are  dependent  upon  the  physical 
structure  of  the  leaves  as  well  as  upon  their  pigment  content.  Both 
of  these  properties  differ  to  some  degree  in  each  individual  leaf. 

Of  primary  importance  is  exact 
information  regarding  the  proportion 
of  light  which  is  absorbed  by  the 
pigments  of  the  leaf,  especially  those 
of  the  chloroplasts.  A  favorite  method 
of    arriving    at    this    value    has    been 

7,000  6,000         \  5,000 

Wave  Lengths  in  A 

Fig.      2. — Transmission      spectra 
leaves,    Acer    negundo:    TF,    white    leaf;    of    an    albinO    leaf    of    the  Same  SpecicS. 

G.  green  leaf.    (.s.y6oW.  104c.)  j^    ^^^    however,     not    justifiable    to 

assume  that  the  amount  of  light  which  is  absorbed  by  an  unpig- 
mented  leaf  is  equal  to  the  amount  of  light  which  is  absorbed  by 
the  colorless  portion  of  a  similar  leaf  (Willstatter  and  Stoll,  143,  page  120) 
(Seybold,  104a,  6).  The  amount  of  light  absorbed  by  the  colorless 
substance  in  the  pigmented  leaf  is,  on  a  percentage  basis,  less  than  in  the 
unpigmented  leaf,  because  each  volume  unit  within  the  green  leaf  receives 
less  light  energy  than  the  corresponding  volume  unit  of  the  white  leaf. 
Also  the  reflection  from  the  surface  of  an  unpigmented  leaf  is  much  higher 
than  from  a  pigmented  one.     In  Table  2,  are  given  the  mean  values 
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obtained  by  Seybold  (104a)  for  determinations  of  the  absorption  of 
10  species  of  white  and  green  leaves.  The  wave-lengths  of  light  given 
represent  maximum  transmission  of  the  filters  used.  The  results  were 
in  general  confirmed  by  Seybold  (104c)  with  the  use  of  a  monochromator 

(Fig.  2). 

Table  2. — Percentage   Transmission,  Reflection,  and  Absorption  of  Light, 
Mean  Values  of  10  Species  of  Leaves  Obtained  by  Seybold 


Wave-length,  ni/u 

Transmission 

Reflection 

Absorption 

Absorption  coefficients. 


White-leaf  lamina 


644 
33 
46 
21 


578 
33 
47 
20 


509 
31 
43 
26 


436 
20 
27 
53 


336 

8 
18 
74 


0.21  0.20  0.26  0.53  0.74 


I 


Green-leaf  lamina 


644     578     509     436     336 

9       10       10         2         0 

13       14       14       11         9 

78       76       76       87       91 

0.78  0.76  0.76  0.87  0.91 


The  green  leaves  of  Pelargonium  zonule,  on  the  basis  of  energy  meas- 

o 

urements,  show  two  absorption  maxima:  at  X6700  A  and  at  4800  to 

o  o 

4100  A  and  two  absorption  minima:  at  X7300  and  5400  A.  Little  is 
known  regarding  either  absorption  or  reflection  in  wave-lengths  longer 

o  o 

than  X7400  A  and  shorter  than  4100  A.  The  absorption  at  the  maxima  is 
about  90  per  cent  of  the  incident  light,  and  for  the  minima  it  is  about 
60  per  cent  at  X7300  A  and  74  per  cent  at  X5400  A. 

The  main  absorption  by  the  leaf  must,  of  course,  be  ascribed  to  the 
pigments  and  this  amounts  to  about  60  to  70  per  cent,  so  that  the  distribu- 
tion of  energy  can,  according  to  Seybold,  be  placed  as  follows: 

Per  Cent 

Incident  energy 100 

Absorption  of  the  colorless  leaf  substance 10 

Reflection 10 

Transmission 10 

Absorption  by  the  chloroplasts 70 

Determinations  with  pigmented  and  colorless  leaves  indicate  that 
the  absorption  values  of  both  of  these  obey  Lambert's  law  (104o). 
Seybold  has  calculated  the  thickness  of  the  chloroplast  layers  in  order 
to  determine  the  number  of  these  bodies  through  which  a  ray  of  light 
may  pass  successively.  He  found  for  Tropaeolum  majus  7,  Phaseolus 
multiflorus  5,  Ricinus  communis  9.  A  single  chloroplast,  it  was  found, 
absorbs  about  30  per  cent  of  the  incident  light,  the  second  about  21  per 
cent,  the  third  a  further  15,  the  fourth  10  per  cent,  beyond  that  the 
percentage  absorption  is  very  Uttle,  so  that  it  may  be  concluded  that 
the  number  of  chloroplasts  in  the  layer  beyond  the  fourth  plays  a  rela- 
tively small  role  in  the  absorption  of  light.  Transmission  values  are 
the  same  for  a  parallel  beam  of  light  and  for  diffuse  light;  there  is  no 
evidence  that  there  is  a  Callier  effect  produced  by  the  chloroplasts  in  a 
leaf  (1046). 
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Of  great  significance  for  the  absorption  of  light  by  the  leaf  is  the 
phototaxis  of  the  chloroplasts,  whereby  the  amount  of  light  absorbed 
by  the  leaf  is  modified.  The  factors  affecting  these  movements  are  of  a 
very  complex  nature;  earUer  work  in  this  field  has  been  well  summarized 
by  Senn  (103)  and  recently  Voerkel  (131)  has  studied  the  effect  of  different 
wave-lengths.  Schanderl  and  Kaempfert  (97)  conclude  that,  due  to  the 
phototactic  movements  of  the  chloroplasts,  the  transmission  of  light 
by  a  leaf  may  be  altered  very  materially  within  a  short  period;  they 
observed  increases  in  transmission  of  about  40  per  cent  within  10  to 
40  min.  This  is  particularly  noticeable  in  the  blue  end  of  the  spectrum. 
With  the  accumulation  of  the  photosynthate,  notably  starch,  the  trans- 
mission of  the  leaf  for  light  may  also  be  considerably  altered. 

All  of  these  facts  serve  to  emphasize  that  leaves  or  other  chlorophyll 
bearing  organs  present  an  exceedingly  complex  optical  system  and  that, 
although  the  absorption  of  light  by  the  pigments  is  of  primary  importance 
for  photosynthesis,  there  are  many  factors  which  make  quantitative 
measurements  of  this  very  difficult.  Consequently,  attempts  to  estimate 
the  amount  of  light  absorbed  by  the  pigments  in  the  leaf  through  methods 
based  upon  the  extraction  of  the  pigments  and  the  determination  of  the 
absorption  of  these  solutions,  can  give  only  approximations  which  are 
usually  low  (104c). 

Much  attention  has  been  given  to  the  question  as  to  which  spectral 
regions  are  effective  in  photosynthesis.  The  results  depend  to  a  con- 
siderable degree  upon  the  methods  which  have  been  used.^  However, 
there  is  general  agreement  that  the  greatest  photosynthetic  activity  in 
green  plants  is  in  the  red  portion  of  the  spectrum,  corresponding  to  the 
greater  absorption  of  light  in  that  region.  The  existence  of  a  second 
maximum  in  the  blue-violet  region,  corresponding  to  the  absorption  of 
the  pigments  in  this  region  (26,  26a,  51,  53)  has  not  been  found  by  some 
other  workers  (21,  124,  134).  The  lower  activity  in  the  blue-violet 
region  has  been  ascribed  to  the  increased  scattering  of  the  light  and  to 
the  absorption  thereof  by  the  yellow  pigments.  The  problem  is  in 
need  of  accurate  quantitative  work  with  monochromatic  light  of  various 
wave-lengths  and  controlled  incident  intensity. 

OPTICAL  PROPERTIES  OF  THE  CHLOROPLAST  PIGMENTS 

The  utilization  of  light  in  photosynthesis  is  dependent  upon  its 
absorption  by  the  pigments  in  the  plant.  In  most  plants  the  pigments 
which  are  directly  involved  in  this  process  are  located  in  the  chloroplasts, 
although  the  exact  structure  of  these  organs  and  the  relationships  of  the 
pigments  and  colorless  portions  thereof  are  not  clearly  understood  as  yet. 

'^  Englemann  (26,  26a)  used  the  motile  bacteria  method;  Kniep  and  Minder  (53) 
the  bubble  counting  method;  Ursprung  (124)  the  formation  of  starch;  Warburg  (134) 
the  manometric  method;  Ehrke  (21)  the  Winkler  method  for  dissolved  oxygen; 
Klugh  (51)  the  indicator  method  for  changes  in  alkalinity. 
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Fig.  3. — Absorption  curves  in  benzene  of  A, 
chlorophyll  a;  B,  chlorophyll  b.  {Winter stein  and 
Stein,  145.) 


Of  primary  importance  is  the  question  as  to  what  pigments  are  of  sig- 
nificance for  the  photosynthetic  reaction.  This  question  can  be  partially 
answered  by  a  comparison  of  the  absorption  spectra  of  the  photosyn- 
thetic organs  and  of  the  pigments  themselves  with  the  photo.synthetic 

activity  of  different  wave- 
lengths of  light  of  the  same 
incident  intensity. 

In  order  to  avoid  the 
influence  of  the  physical 
structure  of  the  leaf  on  the 
determination  of  the  absorp- 
tion spectra  of  leaf  pigments 
many  investigators  have  used 
extracts  of  the  leaf  pigments 
in  organic  solvents.  In 
general  these  solutions  show 
the  same  type  of  absorption  curve  as  the  leaves  themselves,  which 
are  characterized  by  strong  absorption  in  the  red  and  violet  and  high 
transmission  in  the  green.  In  acetone  and  alcohol  extracts  of  leaves  the 
absorption  curves  are  shifted  toward  the  violet  as  compared  with  the 
absorption  curves  of  the  living 
leaves,  Fig.  1.  The  narrow 
absorption  bands  character- 
istic of  pure  chlorophyll  solu- 
tions are  not  evident  in  the 
absorption  curves  of  leaves. 

On  the  basis  of  chromato- 
graphic  adsorption  ex- 
periments the  principal 
chloroplast  pigments  are: 
chlorophyll  a,  chlorophyll  h, 
a-  and  /3-carotene,  and  the 
xanthophylls  (144).  The  pig- 
ment content  of  leaves  varies 
with  the  conditions  under 
which  the  leaves  are  obtained. 
On  the  basis  of  percentage 
dry  weight  the  amount  of 
chlorophyll  is  greater  for 
shade  than  for  sun  plants, 
whereas  the  amount  of  yellow 
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Fio.  4. — Absorption   curves  in   ether  of  A,  chloro- 
phyll o;  B,  chlorophyll  b.      (Zscheile,  153.) 


pigment  is  approximately  the  same  (142,  page  112).  The  total  chloro- 
phyll varies  from  about  0.5  to  1.2  per  cent  and  the  total  yellow  pigments 
from  about  0.1  to  0.2  per  cent,  in  a  number  of  leaves.     The  ratio  of 
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Fig.  5. — Absorption  curves  in  carbon  bisul- 
phide of  1,  lutein;  2,  zea-xanthin.  {Kuhn  and 
Smakula,  60.) 


c'hloropliyll    a    to    chlorophyll    6    averages    2.93    +    0.6;    the    ratio   of 

xaiithophyll  to  carotene,  1.83  ±  0.5. 

Other  pigments  occur  in  smaller  and  varying  amounts,  but  as  yet 

these  have  not  been  definitely        30 

identified.     "Leaf     xantho- 

phyll"  is  composed  of  several 

pigments,     but    the    principal 

component  from  a  number  of 

plants   has  been  identified  as 

chiefly  lutein   (59).     The  pro- 
portion of  the  carotenes  varies 

in  different  leaves   (110),  but 

thus  far  j8-carotene   has  been 

found  in  all  leaves  examined. 

In  many  leaves  it  is  the  main 

component    of   this    group    of 

pigments       (48).     While       a- 

carotene  also  occurs  in  many 

leaves,    it   very   rarely   comprises   more   than  a  small  fraction  of  the 

carotene  mixture. 

The  absorption   spectra  of  the  two   chlorophyll   components  have 

recently  been  determined  by   Winterstein  and  Stein  (145)  in  benzene 

solution  and  by  Zscheile  (153)  in 
ether  solution.  Figs.  3  and  4.  There 
is  obviously  considerable  difference 
in  the  ratio  of  the  absorption  coeffi- 
cients of  the  two  chlorophylls  observed 
by  the  two  investigators  which 
probably  cannot  be  ascribed  entirely 
to  the  different  solvents  used. 

The  absorption  spectra  of  lutein 
and  zea-xanthin  as  determined  by 
Kuhn  and  Smakula  (60)  are  repro- 
duced in  Fig.  5. 

The  absorption  spectra  of  a-  and 
j8-carotene  are  given  in  Fig.  6.  In 
this  connection  it  may  be  stated 
that    the    absorption    spectra    of  )3- 


Wcive  Lengths  in  m^ 

Fig.  6. — Absorption    curves  of    1,     a 
carotene;    2,   /3-carotene    in    95    per    cent 


ethanol.     Molar   absorption   coefficient,   carotene    and    zea-xanthin    are   very 
«  =  -^Y^  log  y  much  alike,   as  are  also  those  of  a- 

{Smith  and  Miiner,  110.)  carotene  and  lutein      It  is  interesting 

to  note  that  of  these  pigments  the 
ones  with  unlike  absorption  spectra,  /S-carotene  and  lutein,  have  been 
found  to  be  the  principal  carotenoid  components. 
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The  absorption  of  some  of  the  leaf  pigments  in  the  infra-red  and 
ultra-violet  regions  of  the  spectrum  has  been  reported  (14,  112,  127,  128), 
but  a  discussion  of  these  does  not  seem  pertinent  to  this  review,  because 
photosynthesis  does  not  take  place  in  these  spectral  regions. 

The  absorption  bands  of  a  colloidal  suspension  of  chlorophyll  are  not 
so  sharp  and  are  shifted  to  the  red  as  compared  with  the  absorption 
bands  of  a  true  solution  of  chlorophyll  (34,  143,  147).     The  absorption 

bands  of  colloidal  chlorophyll 
very  nearly  coincide  with  those 
of  a  living  leaf.  It  has,  there- 
fore, been  concluded  that  in 
the  leaf,  chlorophyll  exists  in 
a  colloidal  state.  Against  this 
supposition,  however,  is  the 
fact  that  colloidal  chlorophyll 
does  not  fluoresce,  whereas  one 
of  the  most  striking  properties 
of  chlorophyll  in  situ  is  its 
characteristic  fluorescence 
spectrum  (50) .  It  is,  of  course, 
possible  that  in  the  leaf  chloro- 
phyll may  be  adsorbed  on 
certain  colloidal  cell  constit- 
uents, for  it  has  been  found 
(84)  that  chlorophyll  adsorbed 
on  kaolin,  alumina,  or  globulin, 
especially  in  the  presence  of 
fats  and  lecithin,  exhibits  its 
characteristic  fluorescence.  In  the  living  cell  the  chlorophyll  is 
apparently  combined  in  this  manner  with  some  protoplasmic  protein 
(66,  67,  79). 

In  true  solution  chlorophyll  a,  chlorophyll  6,  and  carotene  show 
fluorescence  (40,  58,  154).  The  fluorescence  spectra  of  the  chlorophylls 
in  ether  solution  are  shown  in  Fig.  7  (154). 

The  products  of  photosynthesis,  as  far  as  they  are  known,  are  optically 
active.  The  recent  discovery  of  StoU  (119a)  that  both  chlorophylls 
exhibit  optical  activity  is  therefore  of  considerable  interest.  For  freshly 
prepared  solutions  [aj^o  chlorophyll  a  (-flH20)  =  —262°,  chlorophyll 
b  (-hlH20)  =  —267°.  It  is  important  that  Stoll  has  demonstrated 
that  this  optical  activity  of  the  chlorophylls  arises  from  the  portion  of  the 
molecule  which  yields  phaeophorbides  and  cannot  be  ascribed  to  the 
phytol,  the  optical  activity  of  which  has  recently  been  questioned  (132). 
The  optical  activity  of  chlorophyll  is  maintained  during  photosynthesis 
though    it   disappears   rapidly   in    solutions   of   chlorophyll   in   organic 
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Fig.  7. — Fluorescence    spectra  in  ether  of  A, 
chlorophyll  a;   B,  chlorophyll  h.      (Zscheile,  154.) 
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solvents.  StoU  stresses  the  fact  that  all  the  asymmetric  carbon  atoms  of 
chlorophyll  carry  labile  hydrogen  atoms  and  that  these  are  responsible 
for  the  ease  of  racemization  and  also  for  the  fact  that  chlorophyll  acts  as  a 
hydrogen  donor  in  the  photosynthetic  reaction. 

The  principal  carotenoid  constituent  of  leaves,  lutein,  has  a  specific 
rotation  of  [a]6438  =  +145°  in  ethyl  acetate;  a-carotene,  [aJeevs  =  +352° 
in  benzene;  /3-carotene  is  optically  inactive. 

The  observation  that  photosynthesis  in  the  brown  and  red  algae 
is  more  nearly  equal  for  light  of  different  spectral  regions  of  equal  intensity 
than  it  is  in  the  green  plants  (51,  21)  is  of  particular  interest  for  the  corre- 
lation of  photosynthesis  with  the  absorption  spectra  of  the  plants  them- 
selves and  of  their  pigments.  The  pigment  complex  of  these  plants  is 
quite  different  from  that  of  green  plants.  Besides  chlorophyll,  they 
contain  chromoproteins,  the  absorption  spectra  of  which  are  comple- 
mentary to  the  absorption  spectra  of  the  chlorophylls.  The  component 
ratio  of  the  chlorophyll  differs  in  the  brown  and  red  algae  from  that 
found  in  green  plants  (6).  The  brown  algae  also  possess  a  carotenoid, 
fucoxanthin  (C40H56O6),  which  thus  far  has  not  been  isolated  from  green 
plants. 

The  absorption  bands  of  these  pigments  are  (28,  61): 


Phycoerythrin 

in  water 

X5690-5650  A 

5410-5370  A 

4980-4920  A 

Blue  phycocyanin 

in  water 

X6150-6100  A 

5770-5730  k 

Blue-violet   phyco- 

cvanin 

in  water 

X61 80-6 130  A 

5530-5490  A 

Fucoxanthin 

in  chloroform 

\4920  A 

4570  A 

I 


The  fluorescence  bands  have  been  reported  (6)  as: 

Phycoerythrin X5790  A 

Blue-green  phycocyanin X6550  A 

The  pigment  complex  of  the  purple  bacteria  (bacteriopurpurin), 
is  different  from  that  of  the  green  plants  (10).  By  observing  the  motility 
of  these  organisms  in  a  microspectrum  they  are  seen  to  collect  in  sharp 
bands  which  corresponded  to  the  absorption  bands  of  the  bacteria 
themselves.  When  culture  flasks  of  these  organisms  are  placed  in  the 
light  surrounded  by  a  bath  containing  a  filter  of  green  organisms,  the 
purple  bacteria  thrive  whereas  green  organisms  fail  to  develop  under 
the  same  circumstances.  This  has  been  attributed  to  the  fact  that  the 
purple  bacteria  possess  absorption  bands  which  are  complementary 
to  those  of  the  green  organisms,  and  that  these  organisms  probably 
assimilate  in  these  spectral  regions.  The  absorption  bands  have  been 
observed  at  the  follow^ing  wave-lengths:  9100  to  8900;  8700  to  8400; 
8100  to  7850;  7600  to  7000;  6100  to  5750;  5400  to  5150;  5000  to  4850  (?); 
4700  to  4550  A. 
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Definite  proof  of  the  photosynthetic  activity  of  the  purple  sulfur 
bacteria  (129)  and  the  red  sulfur  bacteria  (31a)  has  now  been  found. 

Although  the  sulfur-free  purple  bacteria  have  not  been  shown  to  be 
autotrophic,  they  can  grow  in  the  dark  on  organic  media  only  in  the 
presence  of  oxygen  (129). 

The  pigment  complex  of  these  bacteria  has  been  found  to  contain 
two  principal  pigments,  one  green  corresponding  to,  but  not  identical 
with,  the  chlorophyll  of  higher  plants,  bacteriochlorophyll  (102),  and 
a  purple  pigment,  bacterioerythrin  (129a). 

The  bacteriochlorophyll  is  similar  to  chlorophyll  in  composition. 
It  appears  to  be  made  up  of  two  components  corresponding  to  chloro- 
phylls a  and  h.  The  ratio  of  the  two  pigments  is,  however,  reversed. 
In  ether  the  following  bands  have  been  reported: 

E.A 6810  A;  5920-5640  A;  4240  A E.A. 

The  purple  component  is  of  carotenoid  nature.     Its  formula  is  C48H66O3 

(129a).     The  absorption  maxima  are: 

In  carbon  bisulfide:  X5690,  5300,  and  4990  A. 

In  ethanol:  X5280,  4950  A. 

It  is  worthy  of  note  that  in  this  photosynthetic  organism  also,  the 
pigment  complex  is  composed  of  both  a  chlorophyll  and  carotenoid 
compound,  absorption  bands  of  which  are  nearly  complementary. 

EFFECT  OF  LIGHT  INTENSITY  IN  PHOTOSYNTHESIS 

In  recent  years  the  effect  of  light  intensity  on  the  photosynthetic 
})rocess  has  been  extensively  investigated.  The  experiments  show  that 
the  "limiting  factor"  or  Blackman  hypothesis  can  never  be  fully  realized 
and  can  be  approached  in  only  a  few  cases.  The  "relativity  law"  (72), 
on  the  other  hand,  cannot  be  examined  critically  because  of  the  difficulties 
in  discerning  and  in  handling  quantitatively  the  large  number  of  variables 
simultaneously  operative  in  photosynthesis. 

Hoover,  Johnston,  and  Brackett  (44)  conclude  that  there  is  "linear 
variation  of  carbon  assimilation  as  a  function  of  light  intensity  .  .  .  over 
a  limited  range."  The  results  indicate  that  the  Blackman  principle 
is  closely  approached,  notwithstanding  the  lack  of  ideal  experimental 
conditions  for  "not  all  the  chloroplasts  can  be  maintained  in  the  same 
light  intensity,  nor  can  all  the  surfaces  of  the  leaves  be  brought  in  con- 
tact with  exactly  the  same  concentration  of  carbon  dioxide.  .  .  .  On 
this  account  there  is  a  transition  region  about  the  point  of  inflection." 
Van  den  Honcrt  (125),  using  the  filamentous  alga  Hormidium  flaccidum, 
found  that  when  light  is  the  limiting  factor  the  properties  of  the  assimila- 
tion process  agree  fairly  well  with  Blackman's  formulation.  The  devia- 
tions found,  however,  amounted  to  25  or  30  per  cent  at  the  transition 
})oints. 
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The  opposite  conclusion  is  reached  by  van  der  Paauw  (126),  who 
also  worked  with  this  alga.  He  obtained  a  logarithmic  relationship 
with  algae  cultivated  in  daylight  and  states,  "An  approximation  of 
the  Blackman  scheme  is  apparently  out  of  the  question."  When  these 
organisms  are  cultivated  in  weak  light  an  apparent  inhibition  of  the 
photosynthetic  action  is  produced  when  the  assimilation  is  measured 
at  high  light  intensities.  The  results  of  Montfort  (80)  on  the  alga 
Fucus  vesiculosus  agree  very  well  with  the  limiting  factor  hypothesis. 
On  the  other  hand,  the  results  of  experiments  made  on  the  shade  fern 
Trichomancs  radicans  at  low  light  intensities  agree  better  with  the 
relativity  law.  At  higher  intensities  there  is  a  complete  inhibition 
of  photosynthesis.  Boysen-Jensen  (7)  investigated  these  relations 
in  Sinapis  alba  and  Miiller  (81)  in  Chamaeneriiim  latifolium  and  in 
Salix  glauca.  While  these  investigators  drew  no  conclusions  as  to  the 
validity  of  either  hypothesis,  the  curves  published  conform  more  nearly 
to  the  Blackman  principle. 

Maskell  (74)  attempted  to  find  a  quantitative  expression  which 
would  represent  the  march  of  photosynthesis  under  different  conditions 
of  light  intensity,  carbon  dioxide  concentration,  and  also  with  considera- 
tion of  the  diffusion  resistance  of  carbon  dioxide.  Even  though  the 
equation  derived  met  with  some  success  in  depicting  the  rates  of  assimila- 
tion, Maskell  concludes:  "It  is  impossible,  however,  to  suggest  any  general 
picture  of  more  than  limited  validity.  Regarded  and  used  as  a  clue 
to  the  interpretation  of  the  phenomena,  the  general  principle  of  limiting 
factors  suggested  by  Blackman  in  1905  cannot  as  yet  be  replaced." 

INHIBITION   BY    HIGH    LIGHT    INTENSITIES 

The  inhibitory  effect  of  high  light  intensities  has  been  investigated 
more  fully  by  Montfort  (80),  who  found  that  the  rate  of  photosynthesis 
of  the  shade  fern  Trichomanes  radicans  increased  up  to  one-eighth  full 
daylight,  and  then  decreased  until  at  one-half  full  daylight  the  assimila- 
tion ceased.  Similar  results  (80a)  were  found  for  the  red  alga  Rhodymenia 
and  for  the  green  alga  Cladophora.  When  returned  to  favorable  condi- 
tions, the  plants  regained  their  original  photosynthetic  rate. 

An  adequate  explanation  of  this  inhibitory  effect  has  not  been  found. 
It  is  not  known  whether  it  is  an  inhibition  of  the  photosynthetic  process 
itself,  an  accelerating  effect  on  some  other  process  such  as  respiration, 
or  temporary  injury  of  the  protoplasm. 

Nutritional  Factors. — The  rate  of  photosynthesis  at  different  light 
intensities  is  considerably  influenced  by  the  nutrition  of  the  plant. 
Van  der  Paauw  (126)  has  shown  that  increase  in  the  sugar  concentration 
of  the  nutrient  solution  for  Hormidium  increases  the  photosynthesis. 
The  effect  is  greater  at  low  intensities  of  light  than  at  high.  Miiller 
(81a)  found  that  addition  of  small  amounts  of  potassium  nitrate  in  the 
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nutrition  medium  of  Sinapis  alba  increases  the  photosynthetic  rates 
at  all  light  intensities. 

Gregory  and  Richards  (35)  observed  that  barley  plants  deficient 
in  nitrogen  and  phosphorus  showed  almost  normal  photosynthesis  at 
low  light  intensities,  but  subnormal  photosynthesis  at  high  intensities 
of  light.  Deficiency  in  the  potassium  ion  caused  subnormal  photo- 
synthesis at  all  light  intensities.  Gassner  and  Goeze  (33),  on  the  other 
hand,  found  the  highest  assimilation  value  with  potassium  deficiency. 

Chemical  Inhibitors. — Warburg  (133a)  has  investigated  the  inhibitory 
influence  of  cyanides  on  photosynthesis  at  different  light  intensities. 
He  has  found  that  the  inhibition  by  cyanides  is  relatively  more  pro- 
nounced at  the  higher  light  intensities.  Van  der  Paauw  (126)  has 
shown  that  0.0001  molar  HCN  stimulates  photosynthesis  in  Hormidium 
at  all  light  intensities,  while  0.001  molar  concentration  produces  a 
retardation  at  all  intensities.  The  retardation  is  greater  at  high  intensi- 
ties; this  is  so  great  that  the  photosynthetic  rate  passes  through  a  maxi- 
mum. Other  experiments  with  HCN  show  that  the  photosynthesis 
actually  goes  below  the  compensation  point.  Phenylurethane  at 
2.4  X  10~*  moles  per  liter  produces  a  lowering  of  the  photosynthetic 
rate  at  all  the  light  intensities  investigated  by  van  der  Paauw. 

Temperature. — The  results  on  the  simultaneous  change  of  temperature 
and  light  intensity  are  so  complicated  that  it  is  possible  to  give  only  the 
barest  outlines  of  the  effects  produced. 

Investigating  the  influence  of  temperature  on  the  photosynthetic 
rate  of  Chlorella,  at  constant  light  intensity,  Emerson  (23)  found  a 
sigmoid  relationship.  In  an  attempt  to  calculate  the  heat  of  activation 
of  the  photosynthetic  process  by  the  Arrhenius  equation  he  found  that 
it  varied  with  the  temperature,  thus  indicating  a  complex  reaction 
mechanism.  Mliller  (81)  observed  that  the  rate  of  photosynthesis  at 
low  light  intensities  was  greater  when  the  temperature  was  low  than 
when  it  was  high.  At  higher  light  intensities,  however,  a  greater  photo- 
synthetic rate  was  observed  at  higher  temperatures.  Neydel  (83) 
has  demonstrated  graphically  the  difference  in  plants  relative  to  their 
temperature-photosynthesis  relations  at  different  light  intensities. 
For  Trichomanes  the  rate  of  change  of  photosynthesis  with  temperature 
is  constant  at  three  different  light  intensities.  The  sun  alga  Cladophora 
passing  through  the  same  temperature  range  shows  a  maximum.  Fonti- 
nalis  and  Spirogyra  have  also  been  found  to  have  temperature  optima 
(Matsubara,  75).  Photosynthesis  at  lower  temperatures  (5°C.)  is 
much  greater  for  Fontinalis  than  for  Spirogyra. 

LundegS.rdh  (73)  found  that  photosynthesis  in  the  potato  leaf  passes 
through  several  temperature  optima  at  constant  light  intensity.  This 
observation  has  thrown  a  new  aspect  on  the  problem.  This  type  of 
behavior  has  been  confirmed  by  Yoshii  (152)  for  the  bean  leaf,  and  by 
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Ehrke  (20)  for  different  algae.  These  temperature  optima  are  not  fixed 
but  vary  with  changes  in  Hght  intensity  and  carbon  dioxide  concentration. 
They  are  shifted  to  lower  temperatures  with  lower  light  intensities. 
The  meaning  of  these  results  is  still  obscure. 

Light  and  Internal  Factors:  Water. — Although  water  enters  chemically 
into  the  photosynthetic  reaction,  very  little  has  been  done  of  a  quantita- 
tive nature  on  the  role  of  water  as  an  internal  factor.  Dastur  (16,  17) 
has  presented  some  evidence  that  there  is  some  correlation  between 
water  content  and  the  rate  of  photosynthesis,  though  the  relationship 
of  this  internal  factor  to  photosynthesis  is  still  quite  involved. 

Chlorophyll. — On  the  basis  of  their  extensive  quantitative  investiga- 
tions Willstatter  and  Stoll  (143)  concluded  that  the  chlorophyll  content 
does  not  change  during  the  course  of  photosynthesis  and  that  there 
is  very  little  change  in  the  ratio  of  chlorophyll  a  to  h.  Under  experi- 
mental conditions  in  which  neither  light  intensity,  temperature,  nor 
carbon  dioxide  concentration  is  determining  the  rate  of  photosynthesis, 
the  influence  of  the  internal  factors  becomes  most  pronounced.  In 
various  leaves  of  different  chlorophyll  content  no  direct  proportionality 
between  chlorophyll  content  and  photosynthetic  rate  is  observable. 
That  is,  there  are  other  internal  factors,  besides  chlorophyll,  which 
determine  the  rate.  Under  conditions  of  ample  carbon  dioxide  supply, 
a  change  in  light  intensity  has  little  effect  on  leaves  rich  in  chlorophyll, 
while  such  a  change  produces  decided  effects  in  the  photosynthetic  rate 
in  leaves  which  are  low  in  chlorophyll.  On  the  other  hand,  leaves  high 
in  chlorophyll  are  affected  in  their  photosynthetic  rates  by  changes  in 
temperature,  while  leaves  low  in  chlorophyll  show  a  relatively  slight 
change  in  their  rates  due  to  temperature.  These  facts  have  been  inter- 
preted thus:  In  the  leaves  rich  in  chlorophyll  this  factor  is  in  excess  of 
an  enzymatic  factor  which  is  strongly  influenced  by  temperature.  A 
change  in  temperature,  therefore,  will  exert  an  influence  on  the  photo- 
synthetic rate  through  the  action  on  the  enzymatic  factor  which  in  these 
leaves  is  in  relatively  low  concentration.  Conversely,  in  leaves  poor  in 
chlorophyll,  temperature  has  little  effect,  because  here  the  enzymatic 
factor  is  in  excess  of  the  chlorophyll.  Under  these  conditions,  light 
intensity  controls  the  rate.  Only  under  conditions  in  which  the  chloro- 
phyll is  completely  utilized,  i.e.,  with  relatively  high  light  intensity, 
can  the  enzymatic  factor  exert  its  full  influence.  This  interpretation 
is  largely  based  upon  the  Blackman  theory  that  the  rate  of  photosynthesis 
is  determined  by  the  pace  of  the  slowest  factor.  In  all  probability, 
however,  conditions  are  not  quite  so  simple  as  would  appear  from  such 
an  interpretation. 

Emerson  (22)  has  found  that  increase  in  chlorophyll  content  in 
Chlorella  augments  photosynthesis  proportionately  in  any  one  series  of 
cultures.     When,  however,  different  series  of  cultures  are  compared  the 
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proportionality  is  not  found.  Emerson  also  found  (23)  "that  at  low  light 
intensities  the  same  amount  of  photosynthesis  may  be  carried  on  by  much 
or  little  chlorophyll.  The  chlorophyll  is  more  efficient  when  dilute." 
Light   saturation,   however,   is   apparent   at  lower  intensities  for   cells 

deficient  in  chlorophyll  than  for  those  rich  in  the 
pigment. 

Light  Intensity  and  Morphological  Factors. — 
It  must  be  realized  that  photosynthesis  is 
affected  by  morphological  changes,  permeability 
of  the  protoplast,  tropic  orientations  of  the 
chloroplasts,  and  by  changes  in  stomatal  aper- 
ture. All  of  these  are  influenced  by  light.  This 
means  that  the  experimental  approach  to  the 
problem  of  photosynthesis,  especially  in  land 
plants,  is  faced  with  many  complexities,  a  full 
discussion  of  which  is  beyond  the  scope  of  this 
review  (74,  131). 

Time  Effect  in  Photosynthesis. — Harder  (38) 
has  shown  that  when  Fontinalis  antipyretica  and 
Cladophora  are  brought  into  the  light,  the 
photosynthetic  rate  gradually  increases  for 
several  hours,  "induction  period."  When  the 
rate  has  reached  its  peak  it  then  decreases, 
"fatigue."  In  contrast  to  the  induction  period 
Fig.   8.— Schematic   rep-  ^f  ggveral  hours  found  by  Harder,  Emerson  (23) 

resentation     of     possible  ^  >  ^ 

curves  of  photosynthetic  reports  that  15  mm.  IS  sufficient  to  attam 
rates  under  constant  exter-  niaximum     photosynthesis     in    Chlorella.     The 

nal  conditions,  showing  the  i  i  • 

effect  of  the  light  intensity  results  of  van  der  Paauw  mdicate  that  m 
under    which    plants    were  Hormidium  an  induction  period  of  from  ^  to 

cultivated.      The     shape     of  '■  . 

the  curve  is  dependent  little  more  than  1  min.  IS  necessary,  the  time 
upon  the  ratio  of  the  light  depending  on  the  temperature. 

iiiteiisity  used  in  the  cultiva- 

tion  of  the  plants  to  that  Later  work  by  Arnold  (1)  showed  that 
in  which  the  photosynthetic  ^^g  bchavior  of  the  plant  was  largely  dependent 

rates  are  determined.     With  i        i-    i       •  •  i        tt        i 

low  intensity  of  cultivation  on  the  light  mt(Misity  employed.  He  observed 
and  high  intensity  of  experi-  ^hat    at   90,000    lux    (daylight)    the    photosyn- 

ment,     low     ratio,     curve    1,  ct»7t         -i 

is  obtained.  With  high  thetic  rate  of  Elodea  canadensis  decreased 
y^''^  oo^''®  ^^'■^^"'*^-  rapidly;    at    18,000    lux    a    gradual    decrease; 

(Harder,  38a.)  ,  '  •  , 

at  6000  lux  an  initial  increase  then  a  decrease; 
at  4000  lux  an  initial  increase  followed  by  gradual  decrease;  and  at  2340 
lux  the  photosynthesis  proceeded  at  a  fairly  uniform  rate. 

Following  his  earlier  work.  Harder  (38a)  found  contradictory  results 
with  Fontinalis  sp.  Instead  of  the  initial  increase  and  subsequent 
decrease,  he  observed  an  initial  decrease  and  subsequent  increase  in  the 
rate  of  photosynthesis.     An  extensive  investigation  of  this  discrepancy 
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loci  to  the  concliisioii  that  these  effects  were  the  result  of  the  previous 
light  treatment  of  the  experimental  plants.  Plants  cultivated  in  fairly 
strong  light  showed  an  induction  period  when  placed  in  strong  light; 
plants  cultivated  in  weak  light  showed  the  decrease  in  photosynthesis 
when  experimented  on  in  strong  light.  The  shape  of  the  curve  depended 
on  the  relative  light  intensities  used  in  the  cultivation  and  in  the  sub- 
sequent experiments.  These  relations  are  schematically  represented  in 
Fig.  8,  prepared  by  Harder.  Also  Harder's  results  show  that  "shade" 
and  "sun-plants"  have  real  significance,  that  one  form  of  plant  can  be 
transformed  into  the  other,  and  that  the  change  from  weak-light  plants 
to  strong-light  plants  is  faster  than  the  reverse  change. 

Sudden  changes  in  the  intensity  of  illumination  cause  immediate 
changes  in  the  rate  of  photosynthesis.  Thus  Li  (63)  has  shown  that  a 
decrease  in  light  intensity  results  in  an  immediate  drop  in  rate  which  then 
again  rapidly  rises.  Similarly  an  increase  in  light  intensity  results  in  an 
immediate  acceleration  followed  by  a  rapid  decrease  in  rate.  Changes 
from  one  spectral  region  to  another  of  equal  available  energy  produce  no 
appreciable  variation  in  photosynthetic  rate.  Kostytschew  (56)  and  his 
associates  have  reported  that  under  "natural  conditions"  the  course  of 
photosynthesis  during  the  day  is  extremely  variable.  In  some  plants 
the  rate  increases  to  midmorning,  decreases  to  midday  when  oftentimes 
carbon  dioxide  is  evolved,  then  increases  to  midafternoon  and  falls  to 
night. 

Compensation  Pomts. — The  compensation  point  is  the  light  intensity 
at  which  carbon  dioxide  is  neither  absorbed  nor  evolved.  In  general, 
this  decreases  with  decreasing  temperature  (Miiller,  81),  but  is  very 
different  in  different  species,  depending  in  a  large  measure  upon  the  rate 
of  respiration  of  the  plant.  Ehrke  (20)  has  shown  that  different  species 
of  algae  kept  under  similar  conditions  possess  compensation  points  at  16° 
which  vary  from  457  meter-candles  for  Enteromorpha  compressa  to  270.3 
for  Delesseria  sanguinea.  The  highest  compensation  point  yet  reported 
is  4200  Lux  for  the  lichen  Peltigera  canina  (816).  Gregory  and  Richards 
(35)  found  that  when  the  respiration  of  barley  plants,  deficient  in  phos- 
phate nutrition,  is  plotted  against  the  compensation  point  a  straight 
line  is  obtained. 

The  intensity  of  the  light  used  to  adapt  the  plant  is  a  very  important 
factor  in  determining  the  compensation  point  of  the  individual.  Harder 
(39)  showed  that  when  one  sample  of  Fontinalis  sp.  is  separated  into  two 
portions  and  one  is  kept  in  the  sun  and  the  other  in  the  shade,  the  shade 
plant  had  a  compensation  point  of  37  meter-candles,  and  the  sun  plant 
170. 

The  irregularities  in  the  rate  of  photosynthesis  under  natural  condi- 
tions which  have  been  reported  by  Kostytschew  (56)  and  the  remarkable 
fluctuations  in  rates  of  carbon  dioxide  evolution  observed  by  Jaccard  (45) 
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would  indicate  that  the  rate  of  gaseous  exchange,  and  consequently  also 
the  compensation  point,  may  be  influenced  by  other  means  than  the 
direct  effect  of  external  factors. 


THE    LIMITS    OF   LIGHT   INTENSITY    UTILIZABLE    IN    PHOTOSYNTHESIS 

Ehrke  (20)  quotes  Lubimenko  as  stating  that  in  a  depth  of  50  meters 
in  the  Black  Sea  there  is  still  perceptible  photosynthesis  with  the  green 
as  well  as  with  the  red  algae.  Gail  (32)  found  that  in  Puget  Sound  the 
lower  limit  at  which  photosynthesis  takes  place  in  both  the  red  and  brown 
algae  is  35  meters.  The  light  penetrating  the  water  at  these  depths  is 
probably  of  the  order  of  1  X  10^'^  and  1  X  10~^  that  of  sunlight  and 
composed  largely  of  violet  light  (Oberdorfer,  87).  For  comparison,  this 
is  probably  of  the  same  order  of  intensity  as  moonlight.  Kostytschew 
(57)  found  that  in  arctic  regions  some  plants  are  photosynthetically  active 
throughout  the  whole  24  hours  in  July.  Miiller  (81)  also  states  that 
from  the  position  of  the  compensation  point  and  the  light  intensity  at 
69  deg.  North  it  is  possible  to  have  photosynthesis  during  the  whole 
24-hour  day.  Little  work  is  available  on  the  upper  limit  of  light  intensity 
for  photosynthesis.  Pantanelli  (89)  reported  that  the  evolution  of  gas 
still  continued  when  Elodea  canadensis  was  illuminated  with  light  64  times 
as  strong  as  sunlight. 

EFFECT    OF    WAVE-LENGTH    ON    PHOTOSYNTHETIC    RATES 

Infra-red. — Very  meagre  information  is  available  for  the  influence  of 
infra-red  radiation  on  the  photosynthetic  process.  What  data  there  are 
indicate  that  this  region  of  the  spectrum  is  not  capable  of  inducing 
photosynthesis  (Warburg  and  Negelein,  137).  Schmucker  (101)  removed 
all  light  of  wave-length  shorter  than  7700  A  from  a  light  source  rich  in 
infra-red  and  found  no  photosynthesis.     Burns  (12)  concludes  that  infra- 

o 

red  to  XI  1,000  A  is  detrimental  to  photosynthesis  in  white  pine. 
Klugh  (51)  observed  no  photosynthesis  in  Enteromorpha  Lima  with  infra- 
red radiation. 

Table  3. — Photosynthetic  Efficiencies  in   Different  Spectral  Regions  as 

Determined  by  Briggs 


Cc.  O2  per  500  cal.  of  incident  energy 

Yellow-red 
X5700-6400  A 

Green 
X5 100-5600  A 

Blue 
X430O-5100  A 

Phaseolus  vulgaris 

15.4 
8.8 

8.7 

10  3 
6.5 

20.0 
9.3 

19  0 

7.5 

Yellow  elm       

5.3 

Green  elm 

12.3 

Sambucus  nigra 

Sanibvcus  nigra                         

8.7 
15  0 
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Visible. — Recent  determinations  have  confirmed  the  older  results 
that  the  red  and  yellow-red  regions  of  the  spectrum  are  the  most  effective 
in  photosynthesis.  Results  obtained  by  Briggs  (8)  are  given  in  Table  3. 
He  has  given  his  results  in  cubic  centimeters  of  oxygen  evolved  for  each 
500  calories  of  light  incident  on  the  leaf,  because,  on  the  average,  the  heat 
of  evolution  of  1  cc.  of  oxygen  from  organic  material  is  5.0  cal.  This 
convention  was  adopted  in  order  to  avoid  all  assumptions  as  to  the 
mechanism  of  the  process  and  the  troublesome  estimations  of  the  energy 
absorbed  by  the  leaves.  For  all  practical  purposes,  however,  these  values 
are  comparable  to  those  reported  in  per  cent  by  other  investigators. 
The  values  of  Briggs  were  apparently  not  obtained  with  the  same  incident 
light  intensity  and  may,  therefore,  be  subject  to  some  error  due  to  the 
fact  that  photosynthetic  activity  is  not  always  directly  proportional  to 
the  intensity. 

To  what  extent  and  in  what  manner  the  presence  of  pigments  other 
than  chlorophyll  influences  photosynthesis  has  not  yet  been  definitely 
determined.  Schmucker  (101)  found  that  Cryptocoryne  ciliata,  which 
was  red  on  the  under  surface,  gave  only  half  the  photosynthesis  when  the 
red  side  was  turned  to  the  light  as  compared  to  the  activity  with  normal 
exposure.  According  to  Ehrke  (21)  the  green  alga.  Enter omor-pha  com- 
pressa,  exhibited  a  higher  rate  of  photosynthesis  in  red  than  in  green  or 
blue  light;  the  red  alga,  Delesseria  sanguinea,  showed  very  little  differ- 
ence in  the  three  spectral  regions.  Harder  (37)  has  criticized  these 
results  on  the  basis  of  lack  of  uniformity  of  treatment  previous  to  the 
photosynthesis  determinations  and  because  of  the  fact  that  photosynthe- 
sis never  exceeded  respiration,  though  he  considers  that  in  the  main  the 
results  present  a  true  picture.  Similar  results  were  obtained  by  Klugh 
(51),  which  are  summarized  in  Table  4. 

Table   4. — Relative   Rates  of  Photosynthesis  op  Gkeen,   Brown,   and   Red 
Algae  in  Different  Spectral  Regions  According  to  Klugh 


Wave-lengths 

\720O-6300  A 

\5600-5050  A 

X4800-4000  A 

Enteromorpha  Lima  (green) 

Porphyra  umhilicalis  (brown) 

Delesseria  sinuosa  (red) 

1.80 
2.46 
1.35 

0.16 
1.65 
1.25 

1.16 
1.65 
1.05 

Ultra-violet.— Little  work  has  been  done  on  the  effect  of  ultra-violet 
light  on  photosynthesis.  Arnold  (2)  found  that  irradiation  with  light 
of  X2537  A  reduced  the  rate  of  photosynthesis  of  Chlorella  pyrenoidosa 
in  proportion  to  the  amount  of  radiation.  He  concluded  that  the 
effect  of  the  ultra-violet  light  was  directly  on  the  photosynthetic  appara- 
tus of  the  plant. 
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WAVE-LENGTH   LIMITS    OF    PHOTOSYNTHESIS 

The  wave-length  Umits  for  photosynthesis  have  not  been  definitely 
established.  In  fact,  it  is  very  probable  that  they  will  differ  for  different 
species  of  plants.     Burns  (12a)  found  the  limits  in  Pinus  Strobus  and 

o  o 

Picea  excelsa  were  from  about  7400  A  to  4500  A.  The  long-wave  limit 
agrees  fairly  well  with  that  found  by  other  investigators.  The  short- 
wave limit  seems  to  be  too  far  in  the  visible.  It  is  probable  that  the 
light  source  used  by  Burns  was  too  weak  in  violet  rays  to  give  adequate 
illumination.     Ursprung  (123)  found  that  the  limits  for  starch  formation 

o 

under  ordinary  illumination  lie  between  X7600  and  3300  A.  In  a  40-hr. 
exposure,  however,  through  an  ebonite  plate  which  removed  all  visible 
radiation  a  small  amount  of  starch  was  formed.  Meier  (78)  irradiated 
plate  cultures  of  the  alga  Chlorella  vulgaris  with  ultra-violet  lines  from  the 

o 

mercury  arc.     All  wave-lengths  below  3022  A  were  injurious. 

THE  MECHANISM  OF  THE  PHOTOSYNTHETIC  REACTION 

It  was  the  great  contribution  of  F.  F.  Blackman  (5)  to  describe  the 
relation  of  the  photosynthetic  reaction  to  the  various  environmental 
factors  which  affect  it.  Starting  from  this  point  Willstatter  and  Stoll 
(143)  defined  the  quantitative  relationships  between  the  rates  of  photo- 
synthesis and  certain  internal  factors.  They  were  concerned  primarily 
with  the  function  of  chlorophyll.  But  through  their  quantitative  studies 
they  also  brought  to  light  the  fact  that  another  internal  factor,  associated 
with  the  colorless  portion  of  the  cell  protoplasm  was  operative,  a  concept 
which  in  a  qualitative  way  had  been  expressed  by  a  number  of  earlier 
investigators.  Warburg  (133)  then  demonstrated  that,  with  high  light 
intensity  and  high  CO2  concentrations,  the  temperature  coefficient  of 
photosynthesis  varies  decidedly  with  the  temperature.  Under  these 
conditions  the  temperature  coefficient  decreases  with  increasing  temper- 
atures: between  5°  and  32°  the  temperature  coefficient  decreases  from 
4.3  to  1.6.  Thus,  with  high  light  intensity  a  rise  of  10°,  from  15°  to  25°, 
cau.ses  approximately  a  doubling  in  the  rate  of  photosynthesis.  Here  the 
rate  of  the  total  reaction  is  evidently  determined  by  a  chemical  dark 
reaction.  At  low  light  intensity  the  rate  of  photosynthesis  is  independent 
of  the  temperature  between  15°  and  25°.  Under  these  conditions  a 
photochemical  reaction  is  determining  the  rate  of  the  total  reaction. 

These  facts  indicate  that  at  least  two  fundamentally  different  reac- 
tions are  involved  in  the  photosynthetic  process.  The  dark  reaction 
(Warburg,  138,  150)  has  been  designated  as  the  "Blackman  reaction." 
This  reaction  is  sensitive  to  changes  of  temperature  and  is  also  decidedly 
affected  by  low  concentrations  of  hydrocyanic  acid.  Its  characteristics 
become  evident  when  rates  of  photosynthesis  are  measured  at  high  light 
intensities.     Emerson    (23)    has   made   careful   measurements   of   these 
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rates  at  small  temperature  intervals.  His  measurements  also  give  some 
indication  that  chlorophyll  itself  is  involved  in  the  Blackman  reaction. 
The  photochemical  reaction,  on  the  other  hand,  is  affected  little  by 
changes  in  temperature  or  by  hydrocyanic  acid. 

The  exact  nature  of  these  reactions  has  not  yet  been  determined. 
Willstiitter  and  Stoll  (143)  suggested  that  chlorophyll  adds  carbon 
dioxide,  that  this  addition  compound  through  a  photochemical  reaction 
undergoes  a  rearrangement  or  isomerization  resiilting  in  a  peroxide-like 
compound.  The  latter  breaks  down  with  the  liberation  of  oxygen, 
catalyzed  by  an  enzyme,  and  constitutes  the  Blackman  reaction.  War- 
burg and  Uyesugi  (138)  have  found  some  confirmation  of  this  conception 
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Fig.  9. — Structural  formulas  of  chlorophyll  a  (left)  and  chlorophyll  6  (right). 

Wiedemann,  119.) 


{Stoll  and 


in  an  investigation  of  the  rates  of  decomposition  of  hydrogen  peroxide 
by  Chlorella,  although  the  agreement  of  this  with  the  Blackman  reaction 
is  not  complete  and  could  not  be  in  view  of  the  fact  that  Willstatter  and 
Stoll's  peroxide  is  not  hydrogen  peroxide. 

Recently  Stoll  (114,  115,  116,  117,  118,  119,  119a,)  on  the  basis  of  his 
extensive  investigations  of  the  structure  of  chlorophyll  has  put  forward 
an  elaboration  of  the  hypothesis  of  Willstatter  and  Stoll  just  referred  to. 
According  to  this  view  the  photosynthetic  process  is  composed  of  the 
following  steps: 

a.  The  union  of  carbon  dioxide  or  a  carbon  dioxide  compound  with 
chlorophyll,  resulting  in  the  entry  of  the  carbon  dioxide  into  the  molecule 
of  the  light  acceptor. 

6.  The  first  photochemical  reaction,  resulting  in  the  rearrangement 
of  the  chlorophyll-carbon  dioxide  combination  with  the  possible  forma- 
tion of  a  peroxide. 

c.  The  reduction  of  the  carbon  dioxide,  or  its  rearrangement  product. 
This  is  accomplished  through  hydrogenation,  in  which  the  chlorophyll- 
carbon  dioxide  complex  is  the  hydrogen  acceptor  and  a  hydrogenated 
form  of  chlorophyll  is  the  hydrogen  donor.  This  hydrogenated  form  of 
chlorophyll  is  supposed  to  arise  from  a  hydrogenation  of  the  chlorophyll 
at  carbon  atom  9  in  the  chlorophyll  molecule.     Thus,  the  reduction  of 
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the  carbon  dioxide  (or  its  rearrangement  product)  is  not  accomplished 
directly  through  the  splitting  off  of  oxygen,  but  rather  through  the 
formation  of  water  (Fig.  9). 

d.  The  second  photochemical  reaction  is  the  hydrogenation  of 
chlorophyll  and  formation  of  a  hydrogen  donor.  It  is  known  that 
chlorophyll  can  hold  a  small  amount  of  water  with  great  avidity.  It  is 
assumed  that  this  combined  water  is  decomposed  through  the  action  of 
light: 

H2O  -^  OH(H202)  +  H. 

The  chlorophylls  are  easily  partially  hydrogenated  without  affecting 
their  absorption  spectrum.  It  is  assumed  that  herein  the  point  of  attack 
is  at  carbon  atoms  9  and  10  in  the  chlorophyll  molecule. 

e.  The  hydrogen  peroxide  formed  in  the  reaction  shown  above  is 
broken  down  in  the  cell  by  catalase,  with  the  liberation  of  oxygen. 

Indication  of  labile  addition  compounds  of  chlorophyll  with  carbon 
dioxide,  carbon  monoxide,  and  oxygen  has  been  obtained  by  Padoa 
and  Vita  (88)  who  observed  shifts  in  the  spectral  absorption  bands  of 
solutions  of  chlorophyll  when  treated  with  these  gases. 

The  fact  that  chlorophyll  contains  an  easily  dehydrogenated  group 
has  been  utilized  by  Conant,  Dietz,  and  Kamerling  (13)  as  the  basis  of  a 
theory  of  the  mechanism  of  the  photosynthesis.  They  suggest  that  the 
first  step  is  the  reduction  of  carbon  dioxide  by  chlorophyll  itself,  the  latter 
being  converted  to  dehydrochlorophyll.  This  step  would  involve  the 
action  of  an  enzyme  and  would  constitute  the  Blackman  reaction.  The 
regeneration  of  chlorophyll  from  dehydrochlorophyll  would  require 
energy  and  this  is  assumed  to  occur  in  a  photochemical  reaction.  Accord- 
ing to  this  view,  the  reduction  of  carbon  dioxide  proper  would  take  place 
in  the  dark  and  only  the  regeneration  of  chlorophyll  from  dehydro- 
chlorophyll would  involve  a  photochemical  reaction.  As  StoU  (114) 
points  out,  however,  with  this  formulation,  the  dehydrochlorophyll  would 
be  expected  to  be  the  more  stable  form  and  this  has  never  been  found  in 
leaves.  Another  modification  of  the  Willstatter  and  Stoll  theory  has 
been  proposed  by  Shibata  and  Yakushi  (105,  151)  in  which  water  is 
added  to  the  carbon  dioxide-chlorophyll  complex  on  the  magnesium. 

An  interesting  case  of  a  modified  form  of  photosynthesis  is  presented 
by  the  purple  and  green  sulfur  bacteria  which  have  recently  been  investi- 
gated by  van  Niel  (129,  130).  These  organisms  require  hydrogen  sulfide 
and  light  for  their  development.  The  purple  forms  can  also  utilize 
elementary  sulfur,  sulfites,  and  thiosulfates,  and  oxidation  products  of 
these  compounds,  and  reduction  products  of  carbon  dioxide  result. 
Oxygen  is  not  liberated  by  either  the  green  or  the  purple  forms.  The 
net  result  may  be  expressed : 
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CO2  +  2H2S  ->  CH2O  +  H2O  +  2S 

and  in  the  case  of  the  purple  sulfur  bacteria 

2CO2  +  H2S  +  2H2O  ->  2CH2O  +  H2SO4 

The  question  is  in  what  manner  the  oxidation  of  the  H2S  is  involved 
in  the  reduction  of  the  CO2.  Kluyver  and  Donker  (52)  have  suggested 
that  in  these  organisms  the  H2S  is  a  hydrogen  donor  and  the  CO2  the 
hydrogen  acceptor.  The  concept  has  been  elaborated  by  van  Nicl 
to  the  effect  that  in  hydrogen  sulfide  the  hydrogen  is  loosely  bound  and 
is  already  present  in  an  active  form  while  the  green  pigments  may  be 
regarded  as  the  agents  which  cause  the  activation  of  the  hydrogen  accep- 
tor, the  carbon  dioxide.  According  to  this  view,  in  ordinary  autotrophic 
plants  water  must  serve  as  the  hydrogen  donor  and  in  this  case  oxygen  is 
liberated.  Any  substance  can  act  as  a  hydrogen  donor  to  the  carbon 
dioxide  provided  its  hydrogen  can  be  photochemically  activated  in  the 
organism,  and  the  reaction  may  be  written: 

CO2  +  2AH2  -^  CH2O  +  H2O  +  2A 

Van  Niel  suggested  that  certain  organic  substances  could  serve  as 
hydrogen  donors  for  the  reduction  of  carbon  dioxide.  Muller  (82) 
cultured  purple  bacteria  in  the  presence  of  organic  substances  and 
found  that  the  bacteria  developed  only  in  the  light.  The  difference  in 
the  amount  of  carbon  dioxide  taken  up  per  unit  of  substrate  consumed 
varied  with  the  oxidation  value  of  the  substrate.  Gaffron  (31)  has 
followed  the  photosynthesis  of  the  nonsulfur  bacteria  which  absorb 
carbon  dioxide  only  in  the  light  when  grown  on  sodium  salts  of  fatty 
acids.  The  ratio  of  the  carbon  dioxide  absorbed  to  the  organic  acid 
used  varied  with  different  acids.  For  each  increase  in  CH2  in  the  carbon 
chain  of  the  fatty  acid  there  was  an  increase  of  0.5  mole  of  carbon  dioxide 
absorbed. 

The  results  of  experiments  on  photosynthesis  in  intermittent  light 
have  been  used  to  elucidate  the  relation  of  the  photochemical  and  Black- 
man  reactions.  Warburg  (133)  made  comparisons  between  the  effects 
of  continuous  and  intermittent  illumination.  With  high  intensity  of 
illumination,  equal  amounts  of  radiant  energy  reduced  more  carbon 
dioxide  when  this  was  intermittent  than  when  it  was  continuous.  The 
excess  of  photosynthesis  in  intermittent  light  depended  upon  the  fre- 
quency of  the  flashes;  when  these  were  8000  per  minute  this  was  almost 
100  per  cent,  while  with  4  per  minute  it  was  about  10  per  cent.  Warburg 
suggested  that  these  results  might  be  explained  either  on  the  assumption 
that  the  reduction  of  carbon  dioxide  proceeds  during  the  dark  periods 
with  uninterrupted  rate,  or  that  the  reduction  is  interrupted  in  the  dark 
periods  and  proceeds  at  double  the  rate  in  the  light  periods.  The  latter 
of  these  he  considered  as  the  more  probable. 
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In  Warburg's  experiments  the  light  and  dark  periods  were  equal. 
Emerson  and  Arnold  (24,  25),  with  an  ingenious  apparatus,  by  making 
the  periods  of  illumination  much  shorter  than  the  dark  periods,  were 
able  to  attain  increased  photosynthesis  of  300  to  400  per  cent  over  the 
continuous  light  with  only  50  flashes  per  second.  They  have  shown 
that  the  light  reaction  is  not  affected  by  temperature  and  is  capable  of 
proceeding  at  great  speed,  in  about  0.00001  sec.  On  the  other  hand, 
the  dark  reaction  is  dependent  on  temperature  and  requires  less  than 
0.04  sec.  for  completion  at  25°  and  about  0.4  sec.  at  1.1°. 

It  is  as  yet  not  knowTi  how  the  dark  and  light  reactions  work  together 
in  the  photosynthetic  process  nor  which  of  the  two  reactions  may  be 
considered  to  precede  the  other.  Obviously  this  phase  of  the  problem  is 
greatly  complicated  by  the  fact  that,  as  far  as  we  know,  photosynthesis 
is  dependent  upon  living  protoplasm. 

One  of  the  most  striking  properties  of  chlorophyll  is  its  red  fluores- 
cence. When  a  molecule  absorbs  radiant  energy  it  passes  into  an  acti- 
vated state.  In  this  condition  it  may  react  or  it  may  return  to  its 
normal  state  by  loss  of  this  energy  through  collision,  reradiation  of  the 
same  wave-length  of  light  as  absorbed  (resonance)  or  reradiation  of  the 
energy  as  light  of  longer  wave-length  than  that  absorbed  (fluorescence). 
It  is  well  known  that  certain  foreign  substances  have  the  ability  to 
quench  the  fluorescence  of  compounds  and  that  this  process  is  accom- 
panied by  an  activation  of  the  foreign  molecule  (120).  In  this  manner 
fluorescent  compounds  may  act  as  transporters  of  radiant  energy. 

Oxygen  strongly  quenches  the  fluorescence  of  chlorophyll,  whereas 
other  gases  such  as  nitrogen,  hydrogen,  and  carbon  dioxide  do  not  have 
this  effect  (50).  In  view  of  the  fact  that  oxygen  has  this  property  and 
has  been  shown  to  be  excited  by  light  in  the  same  spectral  region  as  the 
fluorescence  of  chlorophyll,  and  to  remain  in  this  activated  state  for  as 
long  as  7  sec.  (76),  it  has  been  proposed  that  oxygen  may  play  the  role  of  a 
"collector  and  transporter"  (50)  of  energy  in  the  photosynthetic  process. 
That  chlorophyll  and  other  fluorescent  dyes  sensitize  photochemical 
oxidations  has  been  amply  demonstrated  (29,  84). 

Kautsky,  Hirsch,  and  Davidshofer  (50)  have  reported  the  interesting 
fact  that  in  living  leaves  this  fluorescence  is  decidedly  quenched  during 
active  photosynthesis.  Inhibition  of  photosynthesis  through  hydro- 
cyanic acid  increases  the  fluorescence.  These  investigators  conclude  that 
the  quenching  of  the  fluorescence  of  chlorophyll  during  photosynthesis 
is  caused  by  oxygen,  that  the  radiant  energy  absorbed  by  chlorophyll  is 
transferred  to  the  oxygen,  that,  in  fact,  oxygen  is  the  only  molecule 
in  the  photosynthetic  system  to  which  the  absorbed  radiant  energy  is 
transferred.  It  is,  of  course,  not  yet  clear  what  role  is  to  be  ascribed  to 
the  activated  oxygen  in  the  reduction  of  carbon  dioxide.  Willstatter 
(140)  has  questioned  the  conclusion  of  Kautsky  that  oxygen  is  the  only 
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molecule  to  which  the  absorbed  light  energy  is  transferred  and  has 
suggested  that  chlorophyll  itself  may  utilize  this  energy  through  a 
reaction  with  oxygen.  A  similar  attitude  has  been  taken  by  Gaffron  (29) 
on  the  basis  of  his  interesting  investigations  on  the  activation  of  oxygen 
by  ilhuninated  pigments. 

THE  ENERGY  RELATIONS  OF  PHOTOSYNTHESIS 

There  are  two  ways  in  which  the  energy  efficiency  of  photosynthesis 
may  be  expressed:  one  is  the  apparent  efficiency  in  which  the  amount  of 
energy  stored  by  the  leaf  is  stated  as  the  fraction  of  the  energy  incident 
on  the  leaf;  the  other  is  the  real  efficiency,  in  which  the  amount  of  energy 
stored  by  the  leaf  is  gi^'en  as  a  fraction  of  the  energy  absorbed  by  the 
leaf.  While  still  a  third  type  of  efficiency  might  be  determined,  in  which 
the  chemical  energy  stored  is  related  to  the  light  energy  absorbed  by 
the  photosynthetic  pigments,  no  method  has  as  yet  been  found  by  which 
this  estimation  can  be  accomplished.  It  is  only  the  radiant  energy  which 
is  absorbed  by  the  leaf  that  can  be  used  in  photosynthesis.  Of  this, 
however,  only  a  small  portion  is  used  in  the  photosynthetic  reaction,  the 
rest  being  dissipated  by  transpiration  and  reradiation. 

THE    APPARENT    EFFICIENCY    OF   THE    PHOTOSYNTHETIC    PROCESS 

The  apparent  efficiency  of  the  photosynthetic  process  has  been 
determined  in  two  different  ways.  In  the  first  method  the  heat  of  com- 
bustion of  two  analogous  portions  of  a  leaf  are  determined  before  and 
after  insolation.  The  increase  in  heat  of  combustion  of  the  insolated 
portion  is  then  compared  with  the  total  energy  incident  on  the  illuminated 
leaf  during  the  period  of  exposure. 

By  the  use  of  this  method,  Puriewitsch  (92)  has  made  an  estimate  of 
the  energy  storing  efficiency  of  several  kinds  of  leaves.  The  values  found 
range  from  0.6  to  7.7  per  cent.  Even  though  the  values  show  great 
variation,  they  indicate  that  the  efficiency  of  the  leaf  is  very  low  in  the 
conversion  of  the  energy  incident  on  it  into  stored  chemical  energy. 
This  method  has  all  the  disadvantages  of  a  half-leaf  method.  It  lacks 
in  accuracy,  but  further  development  and  improvement  might  make  it 
extremely  useful  in  certain  aspects  of  the  photosynthetic  problem. 

In  the  second  method,  the  energy  stored  by  the  plant  is  calculated 
from  the  idealized  photosynthetic  reaction  on  the  basis  of  the  amounts  of 
carbon  dioxide  absorbed  or  of  oxygen  liberated.  The  ratio  of  this 
calculated  energy  to  the  total  energy  incident  on  the  leaf  during  the 
insolation  period  is  designated  as  the  efficiency  of  the  process.  The 
photosynthetic  reaction  may  be  represented  by  the  following  idealized 
equation : 

6CO2  +  6H2O  -^  CeHiaOe  +  6O2  -  674,000  cal. 
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One  of  the  most  successful  of  the  earher  attempts  to  use  this  method  of 
determining  efficiencies  was  made  by  Brown  and  Escombe  (9).  These 
investigators  gave  a  very  clear  analysis  of  the  disposition  of  the  energy 
incident  on  the  leaf.  While  their  analysis  lacks  somewhat  in  complete- 
ness and  accuracy,  it  still  stands  as  one  of  the  most  comprehensive  inves- 
tigations in  this  field.  The  partition  of  energy  which  these  workers 
found  is  given  in  the  following  table: 

Per  Cent 

Energy  used  in  photosynthesis 0 .  66 

Energy  used  in  transpiration 48  39 

Energy  transmitted  by  leaf 31 .  40 

Energy  lost  by  thermal  radiation 1 9 .  55 

The  researches  both  of  Puriewitsch  and  of  Brown  and  Escombe  were 
carried  out  at  high  light  intensities  and  the  very  low  efficiencies  which 
they  obtained  may  be  partially  explained  on  this  ground. 

More  recent  attempts  have  been  made  by  Briggs  and  by  Burns  to 
obtain  estimates  of  the  apparent  energy  efiiciencies  in  different  regions 
of  the  spectrum.  Briggs  (8)  has  measured  the  oxygen  evolution  of 
different  leaves  in  yellow-red,  green,  and  blue  light.  These  results  are 
shown  in  Table  3. 

Burns  (12)  has  attempted  to  obtain  the  quantum  yields  of  the  photo- 
synthetic  process  at  various  wave-lengths  for  Pinus  Strohus,  Picea  excelsa, 
and  Picea  Engelmannii. 

THE    REAL    EFFICIENCY    OF    THE     PHOTOSYNTHETIC    REACTION 

The  theoretical  aspects  of  the  energetics  of  photosynthesis  have  been 
investigated  by  Warburg  and  his  associates  (135)  and  by  Wurmser  (148). 
Their  researches  have  dealt  not  with  the  efficiency  of  the  conversion  of  the 
light  incident  on  the  leaf  under  natural  conditions,  but  with  the  efficiency 
of  the  conversion  of  the  light  absorbed  by  the  photosynthetic  organism 
under  as  nearly  optimal  conditions  as  possible — the  real  efficiency  of  the 
photosynthetic  reaction. 

According  to  the  photochemical  equivalence  law  the  primary  process 
in  any  photochemical  reaction  is  the  absorption  of  one  quantum  of  energy, 
Nhv  (Table  5)\ 

In  order  for  a  quantum  of  light  to  cause  a  reaction  to  take  place,  it 
must  be  large  enough  to  supply  the  activation  energy  of  the  reaction. 
In  the  case  of  an  endothermic  reaction  the  quantum  of  energy  must  be 

»  A^  is  Avogadro's  number,  6.061  X  10";  h  is  Planck's  constant,  1.566  X  lO"'^  cal. 
sec;  and  v  is  the  frequency  of  the  light  used,  i.e.,  2.9986  X  10'"  cm.  sec."'  divided  by 
the  wave-length  in  Angstrom  units  X  10~*  cm.  Therefore  Nhv  =  2.846  X  10*/X, 
where  X  is  expressed  in  Angstrom  units.  A  useful  nomograph  for  calculations  of 
quantum  energies  has  been  published  by  Mecke  and  Childs  (77). 
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Table  5. — Quanta  of  Energy  for  Different  Wave-lengths  in  the  Visible 

Region  of  the  Spectrum 
Wave-length,  A         Quantum  Energy,  Nhi^  (cal.  sec.) 
4000  71 , 200 

5000  56 .  900 

6000  47.400 

7000  40 , 700 

8000  35 . 600 

great  enough  to  supply  the  heat  required  by  the  reaction.  Since  photo- 
synthesis is  an  endothermic  reaction, 

CO2  +  HoO  =  l/a:(CH20)x  +  O2  -  112,000  cal., 

the  energy  quantum  must  be  great  enough  to  supply  this  energy.  By 
a  comparison  of  the  energy  of  the  reaction  with  the  values  given  in  Table 
5j  it  is  seen  that  in  the  visible  region  of  the  spectrum  no  quantum  is  equal 
to  112,000  cal.,  the  amount  necessary  for  the  postulated  photosynthetic 
reaction.  This  is  one  of  the  most  difficult  problems  of  a  theoretical 
nature  concerning  the  mechanism  of  this  process. 

The  question  is  whether  or  not  the  process  is  dependent  only  on  the 
thermal  energy  supplied  by  the  light  or  whether  it  is  a  typical  quantum 
process  in  which  the  amount  of  action  is  proportional  to  the  number  of 
quanta  absorbed.  If  the  reaction  is  dependent  only  on  the  thermal 
energy  supplied  by  the  light,  the  energy  efficiency  of  the  process  should  be 
dependent  on  the  number  of  calories  absorbed  irrespective  of  the  wave- 
lengths of  light.  If  it  is  purely  a  quantum  process  the  amount  of  reaction 
should  depend  on  the  number  of  quanta  absorbed  and  the  energy  effi- 
ciency should  increase  at  the  longer  wave-lengths. 

Warburg  and  Negelein  (134,  137),  using  the  alga  Chlorella,  have 
attempted  to  determine  which  of  these  two  processes  fits  the  facts.  They 
have  determined  the  energy  efficiencies  with  different  wave-lengths  of 
light.  Their  results  are  assembled  in  Table  6.  In  these  experiments  the 
arrangements  were  such  that  all  of  the  incident  light  was  absorbed  by 
the  organism  and  thus  the  uncertainties  attending  calculations  of  light 
absorbed  by  living  organisms  were  eliminated.  By  extrapolation  of  the 
assimilation  values  obtained  at  known  light  intensities  to  zero  light 
intensity,  they  made  an  effort  to  obviate  variations  due  to  light  intensity. 

On  the  basis  of  these  experiments  Warburg  (136)  concludes  that 
the  number  of  quanta  necessary  to  decompose  a  molecule  of  carbon 
dioxide  in  the  photosynthetic  reaction  is  about  4.  However,  the  number 
of  quanta  necessary  in  blue  light  is  greater,  about  5.  This  Warburg  and 
Negelein  attribute  to  the  absorption  of  a  part  of  the  blue  light  by  the 
yellow  pigments.  But  Warburg  considers  that  it  is  more  correct  to 
employ  in  the  calculation  only  the  energy  absorbed  by  the  chlorophyll. 
When  this  is  done  he  finds  that  the  number  of  quanta  used  in  blue  light  is 
"less  than  5  and  more  than  3,  probably  4  quanta." 
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Table  6. — Warburg  and  Negelein's  Results  on  the  Energy  Efficiency  op 

Photosynthesis  in  Chlorella 


Spectral  region 

Nhv 

Energy  efficiency, 
per  cent 

Quanta  per  mol. 
O2  evolved 

Red  X6100  to  6900  A  (6600  A) 

Yellow  X5780  A 

43,000 
49,200 
51 , 900 
65,100 

59 
54 

(44) 
34 

4.4 
4.4 

Green  X5460  A 

Blue  X4360  A 

5.1 

It  appears,  therefore,  that  the  photosynthetic  process  is  dependent 
on  the  quantum  action  of  the  photons  rather  than  on  the  total  heat  energy 
which  the  hght  imparts  to  the  assimilating  plant. 

Since  Warburg  and  Negelein  have  shown  that  about  four  quanta  are 
necessary  for  the  production  of  1  mole  of  oxygen  it  is  obvious  that  the 
total  energy  requirements  for  the  idealized  photosynthetic  equation  are 
satisfied. 

The  relative  energy  efficiencies  for  different  parts  of  the  visible 
spectrum  have  recently  been  determined  by  Schmucker  (101)  with 
Cryptocoryne  ciliata  and  Cabomba  caroliniana.  The  relative  values 
obtained  for  different  wave-lengths  agreed  with  those  of  Warburg  and 
Negelein.  Thus  in  two  widely  separated  classes  of  plants  the  relative 
energy  efficiencies  are  the  same  in  different  parts  of  the  spectrum. 

Briggs  (8)  has  criticized  the  results  of  Warburg  and  Negelein  because 
"Warburg  and  Negelein  measured  the  assimilation  under  conditions 
where  it  was  more  than  counterbalanced  by  respiration,  and  vmder  such 
conditions  the  high  energy  efficiencies  which  they  observed  may  have 
been  due  to  the  easy  photolysis  of  some  intermediate  respiratory  sub- 
stance." This  criticism  seems  unjustified  when  the  primary  objectives 
of  these  investigations  are  considered;  this  was  an  attempt  to  establish 
the  theoretical  basis  on  which  the  energy  transfer  depends.  Under  the 
conditions  employed  the  disturbing  influences  of  diffusion,  fatigue,  and 
photochemical  inhibitions  would  be  reduced  to  a  minimum. 

On  the  other  hand,  it  was  necessary  for  Warburg  and  Negelein  to 
assume  that  the  photosynthetic  action  alone  is  increased  by  the  light 
without  any  simultaneous  influence  on  the  respiration.  Briggs  presents 
a  further  criticism  that  all  the  light  absorbed  by  the  algae  was  not 
absorbed  by  the  photosynthetic  pigments  and  that  on  this  account  the 
true  energy  efficiency  of  the  assimilation  process  has  not  been  determined 
in  these  experiments.  While  this  criticism  is  justified  (and  also  realized 
by  the  German  investigators),  it  is  difficult  to  see  how  any  valid  correction 
can  be  made  at  the  present  time.  No  means  of  circumventing  this 
obstacle  has  as  yet  been  found. 

Experiments  on  the  energy  efficiency  of  photosynthesis  have  been 
carried  out  by  Wurmser  (148)  using  Ulva  lactuca.     The  energy  efficiency 
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in  the  red  averaged  59.3  per  cent  and  in  the  green  68.0  per  cent,  a  ratio 
of  1.15  for  green  to  red  Hght.  On  the  basis  of  quantum  energies  for  the 
wave-lengths  employed,  5400  A  (5900  to  4900  A)  and  6600  A  (7000  to 

o 

5900  A),  the  ratio  should  have  been  0.82.  From  this  Wurmser  concluded 
that  the  utilization  in  green  light  is  greater  than  would  be  predicted  and 
indicated  that  there  was  a  more  complete  utilization  of  the  absorbed 
energy  in  this  region  of  the  spectrum.  This  agreed  qualitatively  with 
his  idea  that  there  is  an  abrupt  transition  in  the  efficiency  in  going  from 
the  shorter  to  the  longer  wave-lengths,  for  there  is  enough  energy  in  two 
quanta  of  blue  light  to  carry  out  photosynthesis  whereas  in  red  light  three 
quanta  would  be  necessary.  At  about  X5000  A  there  should  be  an  abrupt 
change  in  the  number  of  quanta  required  accompanied  by  an  abrupt 
change  in  the  energy  efficiency  of  the  process. 

Both  Briggs  (8)  and  Warburg  (134)  have  criticized  Wurmser's  method 
of  determining  the  energy  efficiency.  This  criticism  is  based  on  the  way 
in  which  he  measured  the  light  absorbed.  This  was  determined  by 
measuring  the  transmission  through  the  algal  film  before  and  after  it 
had  been  bleached  by  intense  illumination.  These  criticisms  have  been 
refuted  by  Wurmser  (149).  It  may  be  concluded  from  the  data  available 
that  the  photochemical  action  in  the  photosynthetic  process  is  determined 
by  the  number  of  quanta  rather  than  by  the  total  energy  in  the  light 
absorbed  by  the  plant. 

ENERGY    TRANSFER 

Since  more  than  one  quantum  of  energy  is  necessary  for  the  photo- 
synthetic  reaction,  it  would  be  important  to  know  in  what  manner  the 
energy  transfer  takes  place.  In  order  to  obtain  enough  energy  to  drive 
the  reaction  it  would  be  necessary  for  the  reacting  system  to  absorb  the 
number  of  quanta  required  either  simultaneously  or  consecutively. 
Either  of  these  mechanisms  for  the  absorption  of  the  requisite  number  of 
quanta  would  be,  however,  very  unlikely  unless  the  life  of  the  activated 
process  be  relatively  long.  Even  though  this  be  the  case  it  is  improbable 
that  such  high  yields  would  be  obtained. 

Although  the  life  of  most  activated  molecules  is  very  short  (10~^  sec.) 
that  of  an  activated  molecule  of  oxygen  has  been  found  by  Mecke  and 
Childs  (76)  to  be  of  the  order  of  7  sec.  Whether  there  is  any  relationship 
between  the  necessity  of  oxygen  for  photosynthesis,  the  extremely  long 
life  of  the  activated  oxygen  molecule  and  the  possibility  of  energy 
exchange  between  the  chlorophyll  molecule  and  oxygen,  as  is  evidenced 
by  the  quenchmg  of  the  fluorescence  of  chlorophyll  by  oxygen  (Kautsky, 
49),  will  remain  for  future  experiments  to  decide. 

A  more  probable  explanation  for  the  accumulation  of  the  energy 
necessary  for  photosynthesis  is  that  the  carbon  dioxide  molecule  is 
reduced  in  a  step-wise  fashion,  and  that  each  step  requires  only  the 
fractional  amount  of  energy  necessary  for  the  total  reduction.     These 


1050  BIOLOGICAL  EFFECTS  OF  RADIATION 

intermediate  products  could  then  by  intermolecular  oxidations  and 
reductions  build  up  the  higher  reduction  products  found  in  plants.  In 
this  connection  an  interesting  correlation  exists  between  the  number  of 
electrons  that  must  be  transferred  to  the  carbon  and  the  number  of 
quanta  necessary  for  the  process  as  found  by  Warburg. 

A  further  mechanism  which  would  satisfy  the  energetic  relations  is 
that  there  may  be  plant  products  which  supply  the  hydrogen  necessary 
for  the  reduction  of  the  carbon  dioxide  at  a  much  lower  energy  level  than 
water.  These  compounds  may  then  return  to  their  original  state  by  the 
reduction  of  the  water  which  also  may  be  a  low  energy  level  reaction. 
By  means  of  an  integration  of  such  low  level  processes  the  final  result 
could  then  be  obtained.  The  participation  in  these  processes  of  inter- 
mediate products  of  the  metabolism  and  respiration  of  the  plant  (Spoehr 
and  McGee,  111)  may  account  for  the  parallelism  between  respiration 
and  photosynthesis  (van  der  Paauw,  126). 

PHOTOSYNTHESIS    IN   BACTERIA 

Purple  Sulfur  Bacteria. — In  the  recent  researches  of  van  Niel,  already 
referred  to  (129),  on  the  metabolism  of  the  purple  sulfur  bacteria, 
evidence  has  been  advanced  for  a  photosynthetic  reaction  in  these 
organisms  analogous  to  the  photosynthetic  reaction  in  green  plants.  In 
place  of  water,  these  bacteria  apparently  use  hydrogen  sulfide  as  a 
hydrogen  donor  for  the  reduction  of  the  carbon  dioxide.  Instead  of  the 
evolution  of  oxygen  they  produce  sulfur  and  in  some  cases  sulfuric  acid, 
though  the  cultures  are  all  anaerobic. 

It  is  extremely  difficult  to  reason  on  the  energetics  of  chemical  reac- 
tions proceeding  in  such  a  complicated  living  system  entirely  on  the 
basis  of  thermodynamic  data.  But  in  defense  of  his  interpretation  of  the 
reduction  of  carbon  dioxide  in  these  organisms  van  Niel  points  out  that 
"in  order  to  obtain  sufficient  oxygen  for  the  oxidation  of  12  molecules  or 
H2S  .  .  ,  the  organisms  would  have  to  reduce  24  molecules  of  CO2  .  .  . 
by  a  photochemical  process.  The  quantity  of  oxygen  thus  obtained 
would  be  sufficient  for  a  chemosynthetic  process  during  which  only  1  mol. 
of  CO2  could  be  reduced  chemosynthetically,  producing  0.3  mg.  of 
organic  matter."  By  experiment  the  amount  of  organic  carbon  synthe- 
sized was  more  than  15  times  greater  than  can  be  accounted  for  on  the 
basis  of  a  chemosynthetic  process.  In  this  connection  it  is  interesting 
that  the  purple  sulfur  bacteria  have  an  absorption  band  in  the  infra-red 
and  that  they  grow  in  this  region  of  the  spectrum.  The  quantum  of 
energy  here  is  less  than  in  visible  light  and  this  may  be  associated  with 
the  lesser  energy  necessary  for  carbon  dioxide  reduction  in  this  photo- 
synthetic system. 

The  energetics  of  the  photosynthesis  of  the  nonsulfur  bacteria  studied 
by  Gaffron  (31)  is  also  exceedingly  complex.     These  organisms  absorb 
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carbon  dioxide  only  in  the  light  and  Gaffron  has  shown  that  various  fatty 
acids  may  apparently  serve  as  hydrogen  donors.  Whether  this  is  a  true 
photosynthesis,  that  is,  an  accumulation  of  energy  at  the  expense  of  the 
light  absorbed,  is  in  the  present  state  of  our  knowledge  difficult  to  say. 
To  what  extent  reactions  here  play  a  part  analogous  to  some  known  in 
organic  chemistry  in  which  carbon  dioxide  is  taken  up  by  organic  mole- 
cules, which  in  themselves  are  probably  exothermic  reactions,  is  as  yet 
uncertain  and  open  to  speculation.  The  observations  on  these  organisms 
clearly  demonstrate  that  they  can  absorb  carbon  dioxide  in  the  presence 
of  light  with  a  simultaneous  catabolism  of  organic  compounds.  It  lends 
support  to  the  supposition  that  in  the  photosynthetic  process  two 
mechanisms,  carbon  dioxide  absorption  and  oxygen  liberation,  may  not 
be  involved  in  the  same  reaction  but  in  integrated  reactions,  either  or 
both  of  which  may  be  photochemical,  a  concept  which  has  engaged  the 
attention  of  plant  physiologists  for  many  years. 

In  conclusion  it  may  be  said  that  from  the  observations  thus  far 
assembled,  the  photosynthetic  process  is  known  to  be  an  endothermic, 
energy  storing  process,  in  which  the  energy  accumulated  is  a  result  of  a 
photochemical  reaction.  The  mechanism  of  the  conversion  of  the  light 
into  the  chemical  energy  is,  however,  still  a  mystery,  because  we  are  in 
ignorance  of  the  nature  of  those  conditions  and  factors  essential  for  the 
reaction  which  are  intimately  associated  with  the  protoplasmic  activity 
of  the  living  cell. 
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THE  INFLUENCE  OF   RADIATION    ON  PLANT 
RESPIRATION   AND   FERMENTATION 

Charles  J.  Lyon 

Department  of  Biology,  Dartmouth  College 

Introduction.  Influence  of  radiation  on  respiration.  Radiation  and  fermentation. 
Summary.     References. 

INTRODUCTION 

In  general,  the  influence  of  radiant  energy  on  katabolic  processes 
is  incompletely  understood  because  of  lack  of  proper  experimentation 
in  the  field.  Either  the  necessary  tests  have  not  been  carried  out  or  the 
experiments  have  been  so  inadequate  in  number  or  precision  that  the 
results  are  inconclusive  or  unreliable.  This  is  not  strictly  true  for  all 
types  of  radiation,  however,  and  in  the  following  paragraphs  distinctions 
are  made  as  definitely  as  possible  between  well-supported  evidence 
and  that  based  on  only  a  few  experiments.  These  distinctions  have 
been  made  even  at  the  risk  of  injustice  to  some  workers,  but  it  is  hoped 
that  such  errors  will  be  excused  in  the  interests  of  a  conservative  estimate 
of  results  obtained  in  a  difficult  field  of  experimentation. 

INFLUENCE  OF  RADIATION  ON  RESPIRATION 

Light. — The  attempts  to  measure  the  influence  on  respiration  of 
radiation  from  sources  of  light  have  resulted  in  the  accumulation  of  a 
mass  of  inconclusive  and  contradictory  evidence.  In  general,  the 
earlier  results  pointed  to  a  decrease  in  intensity  of  respiration  as  measured 
by  production  and  release  of  CO2  while  later  and  more  careful  experimen- 
tation has  indicated  the  absence  of  any  direct  effect  of  the  visible  rays. 

These  analyses  have  been  exceedingly  difficult  and  in  fact  limited 
almost  entirely  to  nongreen  plants  because  of  the  simultaneous  action 
of  light  in  photosynthetic  processes.  At  the  same  time,  there  has  been 
a  regrettable  failure,  even  in  some  of  the  work  of  recent  years,  to  make 
the  conditions  of  the  experiments  such  as  to  preclude  the  influence  of 
radiation  other  than  that  of  the  visible  spectrum.  Consequently  the 
results  are  decidedly  inconclusive,  although  it  seems  evident  that  there 
can  be  no  appreciable  direct  effect  of  light  on  normal  respiration. 

Work  reported  previous  to  1902  may  be  passed  over  with  safety 
because  it  was  so  fragmentary  and  inexact.     It  is  carefully  .and  fairly 
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reviewed  by  Maximow  (12)  who  took  notice  of  representative  papers 
published  previous  to  his  time.  Those  of  which  he  did  not  write  give 
the  same  contradictory  results  based  on  inadequate  experiments.  For 
example,  he  omitted  reference  to  numerous  experiments  by  Day  (4)  with 
germinating  seeds  of  barley  and  wheat.  Barley  was  reported  to  show 
3  to  4  per  cent  more  respiration  in  diffuse  daylight  than  in  darkness, 
as  measured  by  O2  consumption  and  CO2  production.  The  variations 
in  measurements  were  great  and  the  differences  in  favor  of  light  were 
not  significant. 

Maximow  contributed  the  first  complete  analysis  of  the  problem 
with  proper  regard  for  experimental  methods  and  justifiable  conclusions. 
He  used  the  lower  fungi  (such  as  Aspergillus)  for  plant  material,  an 
electric  light  with  and  without  a  reflector  as  a  source  of  light,  and  con- 
trolled the  temperature  of  his  cultures  by  means  of  a  water  bath  and 
thermostat.  He  was  careful  to  provide  sufficient  organic  food  for  the 
life  of  the  mold  and  to  eliminate  the  variables  due  to  changing  growth 
rates  of  cultures  at  different  ages. 

Maximow  concluded  that  the  response  to  light  depends  on  the  age 
of  the  fungus,  with  young  cultures  unaffected  by  visible  rays  from  an 
electric  light.  Older  cultures  show  a  small  but  short-lived  acceleration 
of  respiration  which  is  more  pronounced  if  the  mycelium  is  under- 
nourished. The  failure  of  this  initial  acceleration  to  continue  for  more 
than  a  few  minutes  led  Maximow  to  the  conclusion  that  light  has  little 
or  no  direct  effect  upon  respiration. 

A  few  years  later  Lowschin  (9)  performed  numerous  experiments 
with  the  same  type  of  plants  and  with  due  consideration  of  temperature 
and  nutritive  relations.  He  used  diffuse  daylight  and  reported  that  he 
never  found  a  real  increase  in  rate  of  respiration  which  was  not  caused 
by  rise  in  temperature  of  the  culture. 

Finally,  we  have  the  recent  work  of  de  Boer  (3)  with  fungi,  using 
modern  apparatus,  which  led  him  to  conclude  that  there  is  no  direct 
influence  of  the  visible  spectrum  on  the  respiration  of  these  plants.  His 
methods  and  precautions  are  beyond  criticism.  He  measured  both 
O2  and  CO2  as  well  as  the  intensity  of  illumination.  When  he  found  no 
response  to  light  by  Phycomyces  blakesleeanus,  he  turned  to  other  fungi. 
He  used  small  fruiting  bodies  of  mushrooms,  pure  cultures  of  their 
mycelia,  and  a  growth  of  Polyporus  destructor  on  carrot  slices.  In  all 
cases  his  measurements  showed  a  complete  lack  of  response  to  light. 
The  table,  top  of  page  1061,  is  typical  of  his  data  and  of  the  accuracy 
of  his  analyses. 

It  must  be  mentioned  that  there  is  a  still  more  recent  report  of  an 
increase  in  rate  of  respiration  in  a  nongreen  leaf  of  Croton  as  the  result 
of  exposure  to  artificial  light.  This  effect  is  described  by  Ranjan  (15) 
on  the  basis  of  two  experiments  with  excised  leaves  contained  in  a  glass 


RADIATION  AND  RESPIRATION  1061 

Table  1. — Data  from  de  Bokr 
Using  20  very  small  specimens  of  Laccaria  amelhysta;  respiration  vessel  325  cc;  suction 

velocity  (Air  Circulation)  3  liters  per  hr. 
(3,  cf.  Table  21,  page  211) 
Time  CO2  evolved,  cc. 

From  10.00  to  12.00  -^4.5 
From  12.00  to  14.00  ->4.35 

From  14 .  00  to  16 .  00  ^  4 .  35  <-  light  of    800  MC. 
From  16 .  00  to  18 .  00  -^  4 .  35 

From  1 8 , 00  to  20 .  00  ->  4 . 5    <-  light  of  6000  MC. 
From  20 .  00  to  22 .  00  ^  4 .  35 

vessel  submerged  in  a  water  bath  held  at  35°C.  by  a  thermostat.  How- 
ever, the  number  of  measurements  is  so  small  and  the  acceleration 
reported  is  so  slight  that  the  evidence  is  not  convincing.  Still  it  should 
be  noted  that  this  work  was  done  with  an  organ  of  a  vascular  plant, 
while  practically  all  the  tests  reported  above  were  confined  to  fungi. 
It  is  still  possible  that  this  difference  in  behavior  will  be  confirmed  by 
future  experiments  which  need  to  be  performed  before  a  general  conclu- 
sion can  be  reached.  The  slight  increase  reported  by  Day  (4)  with 
germinating  grain  should  be  checked  by  tests  with  modern  apparatus 
and  attention  to  the  influence  of  growth  rates.  Flowers  without  green 
parts  or  marked  phototropic  responses  should  also  be  subjected  to  careful 
tests  and  it  is  possible  that  etiolated  plants  or  seedlings  grown  in  darkness 
on  solutions  of  organic  compounds  could  be  tested  by  exposure  to  light 
which  would  be  too  brief  to  cause  development  of  chlorophyll  before  a 
response  to  illumination  could  be  detected. 

There  is  a  possible  indirect  effect  of  illumination  on  respiration,  first 
brought  to  our  attention  by  Spoehr  (20)  who  showed  that  air  ionized 
by  the  sun's  rays  gave  a  slightly  greater  rate  of  respiration  than  night 
air  or  deionized  air.  Spoehr's  theory  was  given  support  by  the  work 
of  Middleton  (13)  with  barley  seedlings  and  Whimster  (24)  with  leaves 
of  Pelargonium,  but  not  by  that  of  Sapozhnikova  (18)  with  wheat  seed 
or  of  de  Boer  (2)  with  fungi.     In  any  case  the  effect  is  small  and  indirect. 

A  specific  photochemical  effect  of  light  on  the  respiration  of  yeast 
checked  by  carbon  monoxide  was  demonstrated  by  Warburg  (22)  and 
confirmed  by  Keilin  (7).  When  the  respiration  is  stopped  by  CO,  the 
latter  forms  a  chemical  union  with  the  oxidase  system  and  either  light 
from  a  50-candle  power  light  or  daylight  will  release  the  CO  and  allow 
respiration  to  proceed.  The  short  wave-lengths  are  more  active  while 
the  red  rays  are  inactive. 

This  effect  for  a  pathological  condition  has  no  influence  on  the  general 
conclusion  that  light  does  not  affect  the  respiration  of  plants  (except 
for  the  incompletely  tested  possibility  that  tissues  of  the  higher  plants 
are  slightly  affected)  other  than  through  the  increased  supply  of  carbo- 
hydrates produced  by  simultaneous  photosynthesis  in  green  tissues. 
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Ultra-violet  Rays. — Of  the  relationship  between  respiration  and  ultra- 
violet radiation  we  have  almost  no  knowledge  because  the  necessary 
experiments  have  not  been  performed.  There  has  been  but  one  report 
of  measurements  in  this  field,  and  even  before  it  has  been  repeated  by 
others,  there  has  been  adverse  criticism  of  its  conditions  and  technique 
by  Popp  and  Brown  (14,  pages  169-171)  in  their  critical  analysis  of 
recent  work  with  ultra-violet. 

The  report  in  question  was  made  by  Masure  (11)  who  used  germi- 
nating pea  seeds  and  screened  radiation  from  a  mercury-vapor  lamp. 
The  Corning  G586AW  screen  was  said  to  transmit  chiefly  rays  in  the 
region  3650  A,  which  is  not  far  below  the  visible  rays  at  4000.     However, 
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Popp  and  Brown  claim  that  this  filter  also  transmits  infra-red  even 
better  than  ultra-violet  and  thus  challenge  any  evidence  derived  from  its 
use  as  a  test  of  the  influence  of  ultra-violet  on  either  growth  or  respiration. 

The  results  obtained  by  Masure  for  the  effect  on  respiration  are 
shown  in  the  above  graph  taken  from  his  paper.  It  shows  clearly  that 
the  rate  of  respiration  is  temporarily  increased  by  the  rays  which  pass 
the  filter  and  ultra-violet  is  at  least  a  part  of  this  effective  radiation. 
Its  effects  disappear  soon  after  it  is  discontinued.  The  preliminary 
drop  in  respiration  soon  after  the  radiation  is  applied  is  said  by  Masure 
to  represent  an  expansion  of  the  seeds  as  they  are  heated  by  the  rays 
which  they  absorb.  This  is  possible  because  the  respiration  is  measured 
as  O2  consumption  read  from  the  movement  of  a  column  of  liquid  in 
equilibrium  with  the  gas  pressure  within  the  experimental  chamber. 
However,  this  heat  effect  must  also  influence  the  production  of  CO2 
and  the  consumption  of  O2  throughout  the  period  of  irradiation. 

Only  two  of  these  experiments  have  been  reported.  In  view  of  the 
small  amount  of  evidence  here  and  the  lack  of  confirmation  of  it  else- 
where it  must  be  said  that  we  do  not  know  yet  just  how  ultra-violet 
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radiation  does  influence  respiration.  However,  this  reported  increase 
agrees  with  the  effect  of  ultra-violet  on  alcoholic  fermentation  which  is 
often  pronounced  in  pea  seeds,  especially  during  the  early  stages  of 
germination  when  there  is  a  shortage  of  O2  within  the  seed  coats. 

X-rays. — The  group  of  waves  known  as  roentgen  or  X-rays  have  been 
tested  rather  carefully  on  two  types  of  plants  for  their  effect  on  respira- 
tion but  the  results  are  in  part  contradictory.  They  indicate  either 
no  influence  with  nondestructive  doses  or  a  depression  of  the  respiratory 
intensity,  especially  with  doses  which  are  so  injurious  as  to  prevent 
continued  growth  of  the  plants  involved. 

The  work  which  points  to  no  effect  on  respiration,  even  though 
growth  and  reproduction  are  severely  retarded  at  the  same  time,  was 
reported  by  Wels  and  Osann  (23)  in  1925,  though  the  senior  author  had 
reported  like  results  from  a  few  experiments  in  the  preceding  year. 
The  plant  used  for  the  main  report  was  yeast  and  the  respiration  was 
measured  by  the  O2  consumption  in  a  Barcroft  manometer  a  few  hours 
after  irradiation.  The  experimental  technique  for  handling  the  X-rays 
and  attention  to  such  details  as  proper  temperature  control  of  the 
irradiated  yeast  suspension  appear  to  warrant  confidence  in  the  data 
obtained.     Even  though  the  periods  of  exposure  to  the  rays  were  from 

2  to  8  hr.  with  such  a  strength  of  radiation  that  1  hr.  was  equivalent 
to  12  units  of  the  human  erythema  dose  (denoted  as  H.E.D.),  there  was 
no  change  in  the  rate  of  oxygen  consumption,  at  least  when  it  was 
measured.  At  the  same  time,  the  rate  of  increase  of  yeast  cells  decreased 
in  proportion  to  the  length  of  the  exposure. 

This  positive  effect  indicates  that  the  X-rays  were  actually  absorbed 
by  the  yeast  cells.  Likewise  the  absence  of  change  in  the  rate  of  fermen- 
tation (see  next  section  of  this  paper)  under  the  same  conditions  suggests 
that  the  oxygen  consumption  is  a  fair  measure  of  the  respiration  in  these 
cells  because  of  the  close  relationship  between  alcoholic  fermentation 
and  normal  plant  respiration.  However,  Schneider  (19)  reported  a 
10  per  cent  decrease  in  fermentation  by  yeast  exposed  to  a  dose  of 

3  H.E.D.  during  the  actual  process,  so  that  an  element  of  uncertainty 
is  present  even  in  these  otherwise  conclusive  results.  The  critical 
test  would  be  to  measure  the  O2  consumption  under  conditions  unfavor- 
able to  fermentation  and  at  the  same  time  expose  the  yeast  to  X-rays. 
This  has  not  been  done. 

The  retardation  of  respiration  by  X-rays  has  been  demonstrated  in 
seeds  and  seedlings  by  two  workers,  Bersa  (1)  in  Austria  and  Miss  John- 
son (6)  in  the  United  States.  The  latter  reported  only  a  depression  but 
she  used  strong  doses  for  a  "few"  hours.  Bersa  found  a  brief,  slight 
acceleration  with  much  weaker  doses,  but  after  2  or  3  days  the  rate  of 
respiration  had  fallen  to  about  57  per  cent  of  the  normal.  Both  workers 
exposed  moist  seeds  and  measured  the  results  in  the  growing  seedlings, 
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but  one  of  these  measured  the  O2  consumption  and  the  other  followed  the 
production  of  CO2.  Thus  their  results  are  supplementary  and  practically 
identical  and  together  form  a  sound  basis  for  belief  in  a  depressant  effect 
on  the  respiration  of  higher  plants,  at  least. 

Miss  Johnson  (6)  used  seeds  of  Helianthus  annuus  before  they  had 
lost  any  great  amount  of  their  water,  which  was  found  to  be  58.7  per  cent 
of  the  weight  of  the  seeds.  She  found  it  necessary  to  use  doses  of  from 
1  to  5  H.E.D.  to  affect  the  seeds,  of  10  H.E.D.  to  inhibit  growth  to  any 
extent,  while  a  20-H.E.D.  dose  on  the  seeds  produced  seedlings  which 
died  just  as  the  cotyledons  started  to  emerge  from  the  soil.  Higher 
doses  of  24  and  40  H.E.D.  were  used  in  the  tests  for  which  the  changes  in 
respiration  were  measured.  The  following  is  the  result  of  one  experi- 
ment while  only  four  experiments  in  all  were  performed: 

Table  2 


Dose  24  H.  E.  D. 

Mg. 

CO2  per  gm.  dry  weight  of  seedling  per  hour 

Irradiated 

Control 

78-hr.  seedling 

102-hr.  seedHng 

1.742 
3.369 

3.043 
4.317 

The  experiments  conducted  by  Bersa  (1)  were  numerous,  the  technique 
accurate,  and  the  evidence  is  convincing.  The  seeds  used  were  those  of 
Vicia  Faba  and  the  exposures  of  from  }i  to  2  H.E.D.  were  made  on  good 
seeds  soaked  in  water  for  two  days  by  which  time  they  had  burst  their 
seed  coats.  The  tests  for  respiration,  as  measured  by  oxygen  consump- 
tion, were  made  on  the  excised  root  tips  removed  in  small  lots  at  certain 
intervals.  Doses  of  ^i  H.E.D.  had  no  effect  on  respiration.  In  most  of 
the  experiments  the  dose  was  1  H.E.D.  and  in  Fig.  2  there  is  given  a  com- 
posite graph  to  show  its  effect  on  the  rate  of  respiration  of  primary  root 
tips  for  hours  after  the  seeds  were  irradiated. 

The  dotted  lines  indicate,  by  their  distances  from  the  solid  line,  the 
probable  errors  of  the  measurements  which  showed  decided  fluctuations, 
especially  for  those  made  after  2  or  3  days. 

The  difference  in  these  results  for  higher  plants,  in  comparison  with 
the  influence  of  X-rays  on  lower  plants  as  represented  by  yeast,  must  be 
left  without  explanation  until  more  evidence  has  been  produced.  The 
conclusions  for  the  influence  on  the  higher  plants  seem  to  be  based  on 
better  developed  evidence,  if  anything,  than  that  for  the  lower  plants, 
which  have  been  represented  only  by  yeast  and  this  is  hardly  typical  of 
the  group  as  a  whole.  If  assumptions  must  be  made  concerning  the 
metabolism  of  an  untried  plant,  it  would  appear  to  be  safer  to  expect  a 
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depressant  effect  of  X-rays  on  respiration,  especially  if  the  doses  are  as 
great  as  5  H.E.D. 

Radium  Radiations. — Except  for  the  slightly  absorbed  gamma  rays, 
the  radiation  from  radium  compounds  is  entirely  different  in  nature  from 
light,  ultra-violet,  and  X-rays,  yet  it  must  be  considered  for  its  possible 
influence  on  respiration,  partly  because  of  its  natural  occurrence  to  some 
extent.  Of  the  other  two  types  of  radiation — the  alpha  and  beta 
particles — the  former  is  so  completely  absorbed  by  the  glass  containers 
of  the  radium  salts  that  its  effects  arc  not  involved  in  the  ordinary  use  of 
radium  and  are  there- 
fore considered  else- 
where in  this  report. 
The  beta  particles  are 
left  as  a  possible  factor 
in  the  exposure  of  plant 
tissue  to  radium. 

For  evidence  of  the 
relation  of  these  parti- 
cles to  respiration  we 
have  a  few  series  of 
tests  in  which  suitable 
observations  were  taken 
and  conclusions  drawn, 
but  it  is  very  difficult  to 
compare  these  results 
and  to  reach  a  general 
conclusion  as  to  the 
effect  on  plant  respir- 
ation. The  variations 
in  the  sources  of  the 
radiations,  the  degree  of  absorption  in  the  several  cases,  the  dis- 
tance between  source  and  tissue,  the  organ  and  species  of  plant 
used,  the  length  of  exposure,  the  time  between  exposure  and  measure- 
ment of  effect,  etc.,  are  so  great  and  their  bearing  on  the  data  so  important 
that  only  qualitative  statements  can  be  made  here.  Briefly  stated,  the 
effect  of  beta  particles  appears  to  be  a  lowering  of  the  rate  of  respiration 
more  or  less  in  proportion  to  the  length  of  exposure  except  for  a  temporary 
acceleration  of  the  rate  if  the  exposure  is  very  short. 

The  first  study  of  the  influence  of  radium  on  respiration  was  reported 
briefly  by  Hebert  and  Kling  (5)  in  1909.  They  found  a  marked  depres- 
sion in  the  rate  of  respiration  of  lilac  leaves,  at  least  if  the  leaves  showed 
injury  from  the  exposure.  Both  O2  and  CO2  changes  were  measured, 
but  the  data  were  given  for  only  a  very  few  experiments. 

The  next  test  of  the  action  of  beta  particles  was  made  by  Redfield  and 
Bright  (16)  who  used  vmsoaked  radish  seeds  and  measured  their  CO2  pro- 
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Fig.  2. — Root  tips  of  Vicia  Faba;  graphic  represen- 
tation of  rate  of  respiration  afte"*  radiation  with  X-rays 
at  1  H.E.D.  Time  in  hours  after  irradiation  is  shown  as 
abscissas  and  rate  of  respiration  compared  with  the  control 
(100)  is  shown  as  ordinates.  Dotted  lines  represent 
averages  of  the  probable  error.      {After  Bersa,  1.) 
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duction  in  a  "moistened"  but  not  germinating  condition  "2  days  after 
radiation."  Although  the  power  to  germinate  was  decreased  by  the 
treatment,  the  production  of  CO2  was  increased.  This  acceleration  must 
not  be  granted  much  emphasis,  however,  because  it  may  not  have  been 
a  direct  result  of  radiation.  It  might  well  have  been  an  indirect  effect 
due  to  increased  rate  of  entry  of  water  through  the  irradiated  seed  coats  in 
comparison  with  the  absorption  of  water  by  the  control  seeds.  The  seeds 
were  not  thoroughly  soaked  in  water  and  a  small  difference  in  water 
content  at  that  point  would  account  for  a  great  difference  in  rate  of 
respiration. 

The  length  of  exposure  to  the  radium,  the  quantity  and  nature  of  the 
radium  salt  used,  the  time  required  to  measure  the  respiration  after 
moistening  the  seeds,  and  similar  details  of  the  experimental  procedure 
are  wholly  lacking  in  the  report  of  results.  The  fact  that  germination 
was  decreased  to  at  least  25  per  cent  of  that  of  the  control  seeds  indicates 
a  powerful  action  on  the  seed  embryos,  but  the  rate  of  respiration  at  any 
time  after  irradiation  does  not  seem  to   have  been  fairly  measured. 

The  best  and  only  thorough  study  of  the  influence  of  beta  particles  on 
plant  respiration  is  that  by  Reich  (17)  reported  in  1926.  He  used 
chiefly  dry  seeds  of  Pisum  which  were  exposed  for  various  time  intervals 
to  the  radiation  from  5  mg.  of  radium  chloride  in  a  glass  tube  held 
8  mm.  from  the  seeds.  The  meristem  of  each  embryo  was  turned  toward 
the  radium  except  in  a  few  tests  for  exposure  from  the  rear.  After 
irradiation,  the  seeds  were  soaked  in  water  for  18  to  24  hr.  and  their  CO2 
production  was  then  measured  at  intervals  of  5  to  7  hr.  for  the  next  few 
days,  with  the  ruptured  seed  coats  removed.  In  the  few  tests  with  seeds 
soaked  before  irradiation,  the  results  were  the  same  except  that  shorter 
exposures  were  required  to  produce  the  same  results  as  in  dry  seeds. 

The  conclusions  from  these  extensive  tests,  which  also  included 
measurements  several  months  after  irradiation,  were  in  favor  of  a  marked 
depression  in  respiration.  This  injurious  effect  became  even  more  pro- 
nounced with  a  lapse  of  time  during  which  the  seedlings  continued  to 
grow.  Dry  seeds  were  found  more  resistant  to  exposure  than  soaked 
seeds.  The  cotyledons  were  influenced  slightly  but  the  principal  effect 
was  felt  by  the  rest  of  the  embryo. 

A  temporary  acceleration  which  was  in  evidence  for  a  few  days  was 
obtained  with  exposures  of  2  hr.  or  less.  For  exposures  under  3^^  hr.  and 
with  dry  seeds,  the  preliminary  accelerations  of  from  1  to  50  per  cent  later 
disappeared  to  leave  the  respiration  rate  normal  for  the  next  few  days. 
With  exposures  of  over  1^  hr.,  a  depression  in  rate  eventually  appeared 
and  its  extent  was  in  proportion  to  the  length  of  the  exposure. 

It  must  be  emphasized  again  that  these  conclusions  for  radium 
radiations,  with  the  alpha  particles  eliminated  and  with  little  or  no 
effect  from  the  gamma  rays,  are  only  qualitative.     Moreover,  they  are 
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based  largely  on  the  data  reported  by  Reich  from  numerous  but  uncon- 
firmed experiments  with  one  organ  of  a  single  species  of  plant. 

As  for  the  physical  basis  of  this  effect  by  beta  particles,  there  has  been 
a  report  by  Stoklasa  and  P6nkava  (21)  which  contains  a  suggestion. 
Contrary  to  the  evidence  just  cited,  they  seem  to  believe  that  radium 
radiation  increases  the  rate  of  respiration,  but  this  may  only  correspond 
to  the  temporary  acceleration  from  short  exposures,  for  they  used  very 
small  amounts  of  radioactive  compounds.  It  is  their  claim  that  the 
beta  particles  act  on  the  glycolytic  enzymes  and  thus  cause  the  inter- 
mediate labile  products  of  respiration  to  be  oxidized  more  rapidly.  In 
support  of  this  idea  they  point  out  that  forms  which  show  the  highest 
rates  of  respiration  are  also  richest  in  potassium  salts. 

This  discussion  may  have  an  important  bearing  on  the  normal  proc- 
esses of  cellular  respiration,  but  the  amount  of  radium  radiation 
involved  is  so  small  in  plants  and  in  the  experiments  of  Stoklasa  and 
Penkava  that  the  results  are  hardly  comparable  with  those  of  other 
workers.  However,  if  it  be  true  that  there  is  an  effect  on  certain  enzymes, 
the  depression  in  respiration  reported  for  the  seeds  and  seedlings  as  the 
results  of  exposure  to  strong  radium  radiation  may  be  due  to  a  result 
akin  to  fatigue  or  an  injured  enzymatic  mechanism  wdthin  the  irradiated 
cells. 

Heat  Effects. — In  addition  to  radiation  by  waves  of  the  length  of 
visible  light  or  shorter,  it  is  also  possible  for  longer  waves  to  influence 
plant  respiration.  This  is  the  familiar  heating  effect  of  waves  of  these 
lengths,  including  the  infra-red.  However,  it  is  also  possible  for  the 
shorter  waves  to  give  the  same  effect  if  and  when  their  radiant  energy  is 
transformed  into  heat. 

The  influence  of  this  heat  upon  respiration  is  so  well  known  and 
appreciated  that  httle  need  be  said  about  it  here.  The  resultant  increase 
in  temperature  within  the  tissue  which  interrupts  and  absorbs  this 
radiant  energy  always  causes  an  increase  in  the  rate  of  respiration  up  to 
the  point  where  the  protoplasm  is  injured  or  killed  by  the  high  tempera- 
ture. In  any  experiment  in  which  radiant  energy  is  absorbed  by  the 
plant  material  or  container,  provision  must  be  made  to  remove  the  heat 
thus  trapped,  by  the  use  of  some  device  like  a  water  bath  to  insure  con- 
stant temperature.  If  infra-red  or  longer  waves  are  emitted  by  the 
source  of  radiation,  such  as  a  mercury-vapor  lamp  for  ultra-violet,  such 
waves  can  and  should  be  filtered  out  by  a  water  cell  or  similar  material 
which  will  transmit  the  desired  waves  but  not  those  longer  than  light 
waves. 

The  quantitative  statement  of  this  heating  effect  is  contained  in  any 
one  of  the  temperature  coefficients,  of  which  the  Qio  ratio  of  the 
van't  Hoff  equation  has  the  widest  usage.  For  respiration,  the  Qio  or  ratio 
of  rates  at  two  temperatures  which  differ  by  10*'C.  is  between  2  and  3,  as 
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for  most  reactions  which  involve  organic  compounds.  This  means  that 
the  reaction  velocity  or  rate  of  respiration  is  at  least  doubled  for  each 
10°  rise  in  temperature,  but  at  all  temperatures  above  20°C.  the  Qio  ratio 
tends  to  become  progressively  smaller  as  the  temperature  rises.  The 
exact  influence  of  heat,  therefore,  depends  in  part  on  the  specific  heats  of 
all  substance  involved  but  such  differences  are  merely  quantitative. 

RADIATION  AND  FERMENTATION 

The  only  phase  or  type  of  fermentation  which  has  been  studied  for  its 
relations  with  the  various  forms  of  radiant  energy  is  alcoholic  fermenta- 
tion. Although  this  process  is  associated  with  other  genera  of  plants, 
the  few  observations  reported  have  all  been  made  for  yeast.  The  three 
forms  of  radiation  which  have  been  tested  thus  far  are  visible  light,  ultra- 
violet and  X-rays.  In  addition,  the  heat  effect  will  be  discussed  only 
briefly  because  it  is  not  essentially  different  for  this  special  phase  of 
katabolism. 

Light. — Although  others  have  observed  the  relation  of  cell  division  in 
yeast  to  its  illumination,  with  a  general  agreement  that  a  bright  light 
source  retards  the  production  of  new  cells,  there  have  been  only  two 
reports  of  the  effect  on  fermentation  itself.  The  first  was  a  dissertation 
by  Lohmann  in  1896.  The  second  was  made  by  Lubimenko  and  Froloff- 
Bagreief  (10)  in  1912.  Since  the  latter  is  more  available  and  definitely 
confined  to  the  question  of  fermentation  as  opposed  to  cell  division,  it 
will  be  used  as  a  basis  of  discussion.  These  workers  agreed  with  the 
findings  of  Lohmann  and  included  additional  precautions  to  observe  the 
direct  effect  of  the  radiation  on  the  process  of  fermentation. 

The  conclusion  is  that  light  retards  fermentation.  This  is  the  natural 
result,  since  it  also  reduces  the  number  of  cells  available  to  produce  CO2 
and  alcohol  and  a  part  of  the  effect  is  due  to  this  relationship.  However, 
Lubimenko  and  Froloff-Bagreief  claim,  from  results  not  published  in 
detail,  that  some  of  the  effect  is  an  actual  lowering  of  the  rate  of  fermenta- 
tion. They  also  report  less  glycerin  and  more  acid  in  their  tests  with 
raisin  must.  The  depression  in  the  fermentation  rate  is  said  to  be  more 
pronounced  as  the  temperature  is  increased. 

Since  this  conclusion  is  not  in  accord  with  the  effect  of  light  on  respira- 
tion and  because  the  only  data  available  have  been  incompletely  reported, 
the  result  is  far  from  conclusive.  The  experiments  must  be  repeated  for 
yea.st  and  likewise  performed  with  other  causal  agents  of  fermentation. 
Ultra-violet  Rays. — For  the  effect  of  these  short  waves  on  fermenta- 
tion we  have  the  recent  work  of  Lindner  (8)  who  undertook  to  repeat  the 
pioneer  test  made  by  Fazi  in  1915.  Because  of  the  improved  technique 
of  Lindner,  his  results  are  the  first  real  proof  of  a  remarkable  acceleration 
of  fermentation  by  the  radiation  from  a  mercury-vapor  lamp.  The 
temperature  was  not  held  constant  but  the  change  in  rate  of  CO2  pro- 
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duction  of  the  irradiatod  mixture  of  glucose,  water,  and  a  bottom  yeast 
was  so  great  that  the  temperature  fluctuation  of  3°  or  4°C.  was  of  no 
importance,  especially  since  the  rise  in  temperature  was  nearly  as  great  in 
the  control  flask. 

It  should  be  noted  that  the  rather  brief  report  of  this  work  by  Lindner 
makes  no  mention  of  a  screening  of  the  radiation  from  the  lamp  and  it  is 
probable  that  other  rays  entered  the  quartz  flask  in  which  the  fermenta- 
tion took  place.  The  heating  effect  of  the  infra-red  appears  to  have 
been  practically  eliminated,  but  there  is  some  uncertainty  as  to  what 
participation  other  rays  may  have  had  in  the  effect.  However,  the 
effect  is  so  great  that  at  least  a  part  must  be  due  to  the  ultra-violet  rays. 
Possible  direct  action  on  the  glucose  was  eliminated  by  suitable  tests. 
Furthermore,  study  of  the  condition  of  the  irradiated  yeast  cells  after 
24  hr.  exposure  showed  that  20  to  30  per  cent  of  them  are  injured  or  killed, 
as  though  they  had  been  worked  out  by  the  high  rate  of  fermentation. 

The  data  are  given  for  only  a  single  experiment.  A  solution  of 
30  gm.  of  glucose  in  300  cc.  of  water  was  inoculated  with  5  gm.  of  pressed 
yeast  and  allow'ed  to  stand  for  10  hr.  before  the  experiment  began.  A 
control  mixture  w^as  treated  in  the  same  way  and  its  CO2  production 
measured  simultaneously  with  that  of  the  mixture  exposed  to  the  lamp. 
The  results  were  evident  from  the  start  as  Table  3  shows: 


Table  3 

CO2  production,  cc. 

Hours  from  start 

Irradiated 

Control 

2 

156 

4 

4 

645 

118 

6 

1085 

119 

8 

1475 

119 

10 

1749 

119 

12 

1929 

119 

14 

2113 

119 

16 

2265 

119 

18 

2395 

119 

24 

2743 

119 

Other  tests  are  reported  on  the  action  of  the  radiation  on  beer  wort 
inoculated  with  this  same  yeast.  The  differences  in  favor  of  the  irradi- 
ated yeast  were  less  than  for  glucose  solutions  but  w^ere  still  convincing 
and  consistent.  Until  more  precise  tests  are  made,  especially  by  the 
use  of  suitable  filters,  it  may  be  assumed  that  there  is  some  unusual 
effect  of  ultra-violet  on  fermentation,  possibly  related  to  the  similar 
effect  on  the  respiration  of  pea  seedlings. 
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X-rays. — The  yeast  plant  has  been  exposed  to  X-rays  both  before  and 
during  the  process  of  fermentation  and  with  results  which  seem  to  depend 
upon  just  this  factor  of  time  of  exposure.  These  experiments  were 
described  in  their  essentials  in  the  preceding  section  because  the  same 
workers  tested  both  respiration  and  fermentation  with  the  same  appara- 
tus. Since  the  reports  were  published  in  the  same  year,  they  appear  to  be 
independent  and  mutually  supported,  although  differing  somewhat  in 
the  details  of  procedure. 

Wels  and  Osann  (23)  decided  that  fermentation  itself  is  unaffected, 
even  by  strong  doses  of  X-rays,  although  both  growth  and  reproduction 
of  the  yeast  is  retarded.  The  CO2  production  was  measured  with  a 
Barcroft  manometer  and  suitable  precautions  appear  to  have  been  taken 
for  such  important  items  as  temperature  control  and  the  technique  of 
handling  the  X-rays.  These  experiments  had  the  characteristic,  how- 
ever, of  measurement  of  CO2  a  few  hours  after  the  period  of  exposure. 

The  importance  of  this  point  appeared  in  the  work  of  Schneider  (19) 
who  reported  a  10  per  cent  reduction  in  fermentation  when  the  X-rays 
were  being  applied.  The  curve  of  CO2  production  of  unradiated  yeast 
coincided  with  that  of  yeast  exposed  some  time  before  measurement,  a 
result  in  harmony  with  that  of  Wels  and  Osann.  Schneider  further 
studied  the  action  of  the  X-rays  by  tests  to  determine  other  factors  which 
might  influence  the  effect.  He  found  that  an  important  factor  was  the 
medium  surrounding  the  yeast  cells.  The  depression  in  fermentation 
appeared  only  in  the  presence  of  electrolytes  such  as  NaCl  and  MgCl2. 

Again  we  are  forced  to  draw  conclusions  of  a  relationship  between  a 
process  and  a  form  of  radiation  on  the  basis  of  a  single  set  of  unconfirmed 
experiments.  The  point  is  clearly  in  need  of  more  study,  but  provi- 
sionally we  may  assume  a  small  reduction  in  rate  of  alcoholic  fermenta- 
tion during  exposure  to  X-rays. 

Heat  Effects. — The  application  of  heat  to  a  fermentation  mixture  has 
two  distinct  effects — that  of  increasing  the  number  of  yeast  cells  and 
the  separate  effect  on  the  actual  rate  of  fermentation.  To  measure 
or  study  the  latter  alone  it  is  necessary  to  use  a  short  experiment  with 
a  relatively  large  amount  of  yeast  and  sugar  solution.  Of  course,  the 
effect  is  the  same  in  any  experiment,  but  this  is  the  only  practical  method 
of  avoiding  large  errors  due  to  the  presence  of  greater  numbers  of  yeast 
cells. 

When  these  precautions  have  been  taken,  we  find  that  rise  in  tempera- 
ture has  the  same  effects  that  it  does  on  most  biological  processes  with  a 
predominant  chemical  basis.  There  is  a  certain  range  of  temperature 
throughout  which  fermentation  will  take  place,  an  optimum  tempera- 
ture and  an  effect  on  the  rate  of  fermentation  which  is  stated  by  some 
form  of  temperature  coefficient.  In  any  experiment  with  fermentation 
and  radiant  energy  they  must  be  considered,  although  the  use  of  a  con- 
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stant  temperature  apparatus  reduces  the  considerations  to  the  single 
point  of  deciding  at  what  temperature  the  process  should  be  kept.  In 
some  cases  it  may  be  necessary  to  use  more  than  one  temperature  in 
order  to  cover  all  possible  variations. 

The  working  range  of  temperature  for  yeast  and  alcoholic  fermenta- 
tion is  0°  to  50°C.  with  the  optimum  at  or  near  30°.  The  temperature 
coefficient  (Qio)  is  thought  to  be  about  2,  as  would  be  expected  for  a 
process  so  clearly  based  on  a  series  of  chemical  transformations.  Of 
course,  in  their  relations  to  other  forms  of  experimentation  with  fermenta- 
tion, these  data  emphasize  the  need  of  careful  control  of  temperature 
during  any  series  of  measurements  or  growth  tests. 

SUMMARY 

As  an  aid  in  picturing  the  direct  effects  of  radiation  upon  plant 
metabolism,  the  more  or  less  well  supported  conclusions  are  stated  by 
short  phra.ses  in  the  following  table: 


Type  of  radiation 

Respiration 

Alcoholic  fermentation 

Light 

No  effect  with  lower  plants;  pos- 
sible slight  acceleration  with 
higher  plants 

Temporary  acceleration  for  higher 
plants 

No  critical  test  made  for  lower 
plants;  depression  for  higher 
plants 

Depression  by  beta  particles  for 
higher  plants 

Acceleration  by  rise  in  tempera- 
ture 

Retards      action      by 

yeast 

Marked  acceleration 
Small  decrease  in  rate 

Ultra-violet 

X-ravs 

Radium 

during  exposure 
No  information 

Heat  effects 

Acceleration     bv     rise 

in  temperature 
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Growth  movements  in  plants  are  effected  in  a  manner  distinctly 
different  from  amoeboid  movements,  locomotion  of  zoospores,  turgor 
movements,  etc.  Growth  differentials  arising  in  the  two  sides  of  a  cell 
or  organ  may  be  the  result  of  either  internal  or  external  conditions,  or 
both.  Curvatures  resulting  in  differences  in  growth  caused  by  asymmet- 
rical conditions  are  designated  as  tropisms.  The  present  discussion  is 
limited  to  tropic  movements  in  plants  and  only  those  tropic  movements 
which  are  influenced  by  the  action  of  light — phototropism.  Limited 
space  does  not  permit  either  an  exhaustive  treatment  of  the  subject  or  a 
complete  bibliography.  Other  interesting  references  on  this  subject  may 
be  found  in  the  papers  mentioned  in  the  present  review.  In  spite  of  an 
apparent  confusion  in  the  literature  (9,  33,  36,  37)  there  is  evidence  that 
phototropism  is  a  special  case  of  the  more  general  light-growth  phenome- 
non, and  that  intensity,  or  the  energy  value  of  radiation,  as  w^ell  as  wave- 
length and  duration,  must  be  carefully  considered.  Then,  too,  the  plant 
characteristics  must  be  noted.  Its  sensitivity,  frequently  limited  to 
localized  regions,  its  response,  sometimes  positive,  sometimes  negative, 
and  its  previous  history,  each  has  a  bearing  on  the  reaction.  Further- 
more, there  appears  to  be  ample  evidence  of  a  substance  which  is  directly 
responsible  for  specific  growth  responses. 

Many  of  the  experiments  dealing  with  growth  responses  as  influenced 
by  light,  have  been  made  with  sporangiophores  of  Phycomyces  and 
coleoptiles  of  Avena,  although  a  number  of  other  plants  have  been  used. 
Blaauw  (4,  5,  6,  7)  laid  the  foundation  for  much  of  the  recent  work  on 
phototropism.  Perhaps  the  first  serious  attempt  to  study  phototropism 
in  which  quantitative  measurements  and  interpretation  of  modern 
physics  were  used  was  made  by  him  and  published  in  1909.  Responses 
were  studied  in  the  different  spectral  regions  of  sunlight  and  the  carbon 
arc.  Energy  values  for  these  regions  were  calculated  from  Langley's  (29) 
tables.  Blaauw  found  the  most  effective  region  of  the  carbon  spectrum 
for  phototropic  response  of   Avena  seedlings  to  lie  between  4660  and 

o 

4780  A,  while  the  red  and  yellow  regions  were  ineffective.     According  to 
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Blaauw  (5)  the  curvature  of  a  plant  resulting  from  unilateral  illumination 
is  caused  by  the  light-growth  responses  of  the  opposite  sides  which  are 
differently  illuminated.  The  minimum  amount  of  radiation  required  to 
produce  phototropism  is  20  meter-candle-seconds.     It  also  appears  that 

the    product    of  light   intensity   and 
time  of  exposure  is  a  constant.^ 


80  M.C. 
2,400M.C. 


LIGHT-GROWTH  RESPONSE 


Blaauw  pointed  out  the  fact  that 
plant  organs  which  show  phototropic 
curvatures  also  show  typical  light- 
growth  responses  and  where  no  re- 
sponse is  observed  neither  is  there 
phototropic  curvature .  D  i  1 1  e  w  i  j  n 
(17)  reasoned  that,  "If  the  theory  of 
Blaauw  is  correct,  it  must  be  possible 
to  deduce  the  phototropical  curva- 
tures from  the  light-growth  response 
of  proximal  and  distal  sides."  Using 
Avena  saliva,  he  determined  the  light- 
growth  response  to  several  different 
quantities  of  light  and  also  to  one- 
FiG.   1.— Graphs  showing  growth  of  thirtieth    of   thcse    quantities    which 

Avena    saliva.     The    abscissa    represents    ,         „  i  i        i-    i        • 

time  in  hours  and  the  ordinate  rate  of    he    figured    to    be    the    light    mtensity 

growth  in  microns  per  minute.    The  in-  received  on  the  distal  sidc  in  com- 

tensity    of    hght   is   indicated    in    meter-  .  •  i        i  •        i 

candles.     The    light   lines   represent    the    parison     With    that    received    on     the 

growthresponseforJ.^0  the  light  intensity  proximal  side.     This  value  is  greater 

of  the  response  represented  by  the  heavy    .  .  <•        rr  7  •        7  1    • 

lines.     The  arrow  indicates  the  moment    lOr  Avena  than  ior  Helianthus  and  IS 

of  illumination  with  the  duration  marked  y^ry  largely  due  to  the  light  absorbed 

above.     The    predicted    phototropic    re-  .  1      /•        -\r  v    1 

sponse  is  indicated  by  plus  and  minus   by    the    primary    leaf.     More    light 
signs.    {From  Diiiewijn,  17.)  passes  through  the  upper  0.5  mm., 

but  here  the  light  distribution  is  complicated  by  the  shape  of  the  tip. 

He  assumes  the  30:1  ratio  for  the  whole  coleoptile. 

Diiiewijn  made  use  of  the  auxanometer  of  Koningsberger  (26)  for  his 

growth  measurements.     The  light  source  was  above  the  plant  and  was 

reflected  upon  the  seedling  by  three  mirrors.     Directly  over  the  plant  a 

circular  cardboard  disk  was  placed  for  protection  against  the  direct  rays. 

The  results  of  his  experiments  on  growth  are  reproduced  in  the  four  pairs 

of  curves  of  Fig.   1.     The  abscissa  represents  time  in  hours  and  the 

ordinate  the  rate  of  growth  (microns  per  min.).     The  light  intensity  is 

'  Parr  (33)  discusses  briefly  the  data  of  many  of  the  early  phototropic  experiments 
under  the  four  general  theories  of  intensity,  ray  direction,  wave-length,  and  energy. 
A  more  extensive  treatment  covering  the  historical  review  of  phototropism  in  general 
with  its  development  and  a  critical  discussion  of  the  early  theories  has  been  published 
by  Mast  (Mast,  S.  O.  Light  and  the  behavior  of  organisms.     New  York,  1911). 
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indicated  on  the  right  in  meter-candles,  while  the  arrow  indicates  the 
time  of  illumination  with  the  duration  noted  above  in  seconds. 

With  these  curves  representing  the  light-growth  response  for  different 
given  light  "quantities"  and  for  one-thirtieth  of  these  values  one  can 
predict  the  phototropic  curvature.  Thus  in  d  the  growth  on  the  proximal 
side  (heavy  line)  is  retarded  more  than  on  the  distal  side  (light  line)  which 
should  result  in  a  positive  bending  for  this  weak  light.  With  a  greater 
quantity  of  light  in  c  a  negative  bending  would  occur,  while  a  further 
increase  will  again  bring  about  positive  bending,  as  in  b,  which  gradually 
becomes  less  as  the  quantity  is  increased,  as  in  a.  The  author  concludes 
that  the  curvatures  deduced  from  the  light-growth  responses  of  proximal 
and  distal  sides  correspond  with  the  real  curvatures  observed  by  Arisz  (1). 
He  also  explains  the  reason  why  Arisz  never  observed  negative  curvatures 
with  low  light  intensity  over  long  periods  of  illumination.  Graphs  in  d 
indicate  "long"  responses  for  both  proximal  and  distal  sides,  thus  giving  a 
positive  curvature. 

Castle  (10,  11)  has  made  an  extensive  study  of  the  light-sensitive 
system  of  sporangiophores  of  Phycomyces  and  his  conclusions  are  in 
accord  with  those  of  Blaauw.  Both  the  direct  growth  response  and  the 
phototropic  response  consist  of  a  series  of  at  least  three  similar  com- 
ponents, namely,  "  (a)  an  exposure  period  during  w^hich  photochemical 
change  occurs,  (b)  a  'latent  period'  involving  products  directly  consequent 
upon  the  photochemical  action,  and  (c)  an  action  time  occupying  a  further 
interval  before  the  growth  acceleration  appears."  Castle  arrives  at  this 
conclusion  by  noting  the  changes  in  the  latent  period  with  reference  to 
the  variable,  duration  of  the  light  exposure  period.  He  states:  "The 
reaction  time  of  each  mode  of  response  is  constant  for  a  particular  inten- 
sity of  illumination,  provided  that  the  duration  of  the  exposure  period 
exceeds  a  certain  value.  Below  that  value  the  reaction  time  increases 
progressively  as  the  exposure  time  decreases." 

Under  constant  conditions  of  growth  in  darkness,  sporangiophores  of 
Phycomyces  continue  at  a  uniform  growth  rate  for  a  time.  When  illu- 
minated, an  increase  in  growth  is  shown;  this  is  followed  by  a  decrease 
and  finally  the  original  rate  is  reached.  If  the  plant  is  growing  at  a 
constant  rate  in  light  and  the  illumination  is  cut  off,  the  growth  rate 
decreases;  then  it  gradually  returns  to  its  former  rate.  This  latter 
reaction  has  been  called  the  dark-growth  response.  These  sporangio- 
phores can  be  "adapted"  to  darkness  or  to  light  of  a  definite  intensity. 
A  change  in  illumination  will  bring  about  a  response,  either  the  light- 
growth  response  or  the  dark-growth  response,  depending  on  the  change  in 
conditions.  Castle  (12)  accounts  for  the  kinetics  of  dark  adaptation  on 
the  basis  of  a  bimolecular  reaction,  which  may  be  modified  by  autocataly- 
sis.  He  (13)  regards  the  light-  and  dark-growth  responses  as  due  to 
similar  changes  of  the  opposite  signs  in  the  concentration  of  a  growth- 
regulating  substance. 
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LIGHT  INTENSITY 

The  work  of  numerous  investigators  shows,  as  does  that  of  Dillewijn, 
previously  mentioned,  that  Ught  within  a  certain  range  of  intensity 
brings  about  an  increased  growth  rate  while  that  of  another  range  results 
in  a  diminished  rate  of  growth.  Recently  WiechuUa  (45)  has  carried  out 
a  number  of  experiments  on  the  sporangiophores  of  Phycomyces  using 
different  amounts  of  light  quantities  expressed  as  meter-candle-second 
(mks  =  Mcs)  units.  These  results  are  graphically  shown  in  Fig.  2.  The 
abscissa  is  time  in  minutes  after  illumination,  and  the  ordinate,  relative 

growth  units,  the  growth  rate  in  dark- 
ness being  unity.  It  is  interesting  to 
note  the  character  of  these  curves. 
For  the  greater  units,  the  reaction  time 
is  short  and  the  rate  of  growth  rapid, 
which  later  becomes  less  than  the  rate 
in  darkness.  For  the  weakest  light  no 
rate  lower  than  that  in  darkness  is 
noted.  Also  the  weaker  the  light  the 
longer  the  reaction  time. 

Castle  (14)  states:  "Alleged  reversal 
of  the  phototropism  of  the  sporangi- 
ophores of  Phycomyces  by  high  inten- 
sities of  light  does  not  occur  if  infra-red 
radiation  is  properly  excluded.  Photo- 
tropic  'indifference'  alone  occurs  at 
high   intensities   due   to   equal   photic 
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Fig.      2. — Graphs    showing    growth 

reponse    of    sporangiophores    of    Phyco-    action    On    both    sideS   of   the   Sporaugi- 

myces     for     different     light     quantities  ,  rr     l       ^  j  •      j.  •  •  j. 

indicated  in  meter-candle-seconds.     The    ophore.      It     heat    radiation    IS    not 

growth  rate  in  darkness  is  taken  as  screened     out,     a     gradual,     negative 

unity.     (From  WiechuUa,  45.)  .,  .         •        i         i-  -    i  i  >> 

thcrmotropic  bending  takes  place. 
Castle  (15)  has  shown  that  phototropic  "indifference"  results  from 
a  failure  of  light  to  bring  about  differences  in  the  rates  of  growth  on 
the  two  sides  of  the  sporangiophore.  By  reducing  the  exposure  time 
a  critical  light  duration  period  is  found  below  which  sensitive  indifferent 
sporangiophores  will  show  phototropic  bending.  He  therefore  concludes 
that  phototropic  bending  occurs  when  the  illumination  on  one  side  is 
submaximal  and  that  indifference  results  when  equal  and  maximal 
photochemical  action  takes  place  on  both  sides  of  the  sporangiophore. 

WAVE-LENGTH 

In  many  of  the  early  experiments  on  phototropism  it  is  impossible  to 
distinguish  the  wave-length  effects  from  those  of  intensity.  Parr  (33) 
studied  the  response  of  Pilobolus  to  different  wave-lengths  and  intensities 
of  light  which  were  carefully  measured.     The  sources  used  were  a  Nernst 
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lamp  and  a  200-\vatt  nitrogen-filled  tungsten  Mazda  lamp.  The  results 
of  these  quantitative  studies  are  best  summarized  in  her  own  words: 

(1)  Pilobolus  responds  to  the  light  of  all  the  regions  of  the  visible  spectrum. 
(2)  The  presentation  thne  decreases  gradually  from  red  to  violet.  There  is  no 
indication  of  intermediate  maxima  or  minima.  (3)  The  presentation  time  does 
not  vary  in  direct  ratio  with  the  measured  value  of  the  energy  of  the  light  in  the 
different  regions  of  the  spectrum.  (4)  The  presentation  time  varies  in  inverse 
ratio  to  the  square  roots  of  the  wave  frequency.  (5)  The  product  of  the  square 
root  of  the  frequency  times  the  presentation  time,  decreases  with  the  decrease 
in  the  energy  value  of  the  spectral  regions,  and  is  an  approximate  constant  for  a 
given  light  source.  (6)  The  spectral  energy  in  its  relation  to  the  presentation 
time  may  be  expressed  approximately  in  the  Weber-Fechner  formula,  if  the  wave 
frequencies  be  made  a  function  of  the  constant.  (7)  The  relation  of  the  spectral 
energy  to  the  presentation  time  may  also  be  approximately  expressed  in  the 
Trondle  formula,  the  wave  frequencies  being  made  a  function  of  the  constant. 

Hurd  (21)  equalized  the  intensity  of  light  coming  through  a  series  of 
Wratten  light  filters  so  that  it  measured  1800  meter-candles  on  reaching 

o 

the  young  rhizoids  used  in  this  work.  Only  the  blue  (4700  to  5200  A) 
and  violet  (4000  to  4700  A)  lights  produced  phototropism,  negative  in 
direction.  The  other  lights  at  this  intensity  had  no  effect.  With  a 
greater  intensity  the  green  light  (5200  to  5600  A)  exerted  a  negative 
phototropic  effect  as  well  as  the  blue  and  violet. 

For  the  purpose  of  investigating  the  wave-length  effects  of  radiation 
on  phototropic  bending  of  young  plants  Johnston  (22)  described  a  simple 
plant  photometer  which  w^as  later  improved  and  used  (24)  in  evaluating 
four  spectral  regions.  The  general  procedure  was  to  place  a  seedling 
between  two  different  and  oppositely  placed  lights  and,  after  an  interval, 
observe  the  growth  curvature.  If,  for  example,  the  seedling  was  exposed 
to  blue  and  green  lights,  a  distinct  bending  was  noted  toward  the  blue  side, 
the  lights  were  so  adjusted  as  to  increase  the  green  or  decrease  the  blue 
intensity.  Another  seedling  was  then  used  and  the  process  repeated 
imtil  a  balance  point  was  reached  where  the  effect  of  one  light  neutralized 
the  effect  of  the  other.  When  this  balance  point  was  determined,  a 
specially  constructed  thermocouple  replaced  the  plant  and  the  relative 
intensities  w^ere  measured.  From  these  experiments  with  oat  seedlings 
no  measurable  phototropic  response  was  found  for  wave-lengths  longer 

o 

than  6000  A  while  a  noticeable  bending  was  found  with  the  yellow  filter. 
The  threshold  for  wave-length  influence  seemed  to  originate  somewhere 
between  5200  A  and  6000  A.  The  effects  of  green  and  blue  were  pro- 
gressively greater,  being  respectively  in  round  numbers  1000  and  30,000 
times  that  of  yellow. 

Sonne  (40)  determined  the  amount  of  energy  of  different  wave-lengths 
necessary  to  bring  about  a  minimum  phototropic  action  in  oats.  About 
1  cm.  of  the  tips  of  young  plants  were  placed  at  different  distances  from 
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the  light  of  a  monochromator  for  different  exposure  periods.  For  a  stand- 
ard of  comparison  the  visible  part  of  the  spectrum  of  a  Hefner  lamp  was 
used.  Minimum  action  was  obtained  at  0.86  X  10~^  gm.  cal./cm.-/sec. 
The  energy  was  measured  by  a  thermoelement.  The  results  are  sum- 
marized in  Table  1. 

Table    1. — Data    Showing    Phototropic    Sensitivity    Determined    from    the 
Amount  of  Energy  Required  to  Produce  a  Minimum  Response  in  Oats 

{From  Sonne,  40) 


Wave-length,  A 

Absolute  energy 

Phototropic  effect 

5700 

588 

0.17 

5460 

371 

0.27 

4360 

0.028 

3572 

4050 

0  06 

1667 

3660 

0.10 

1000 

3130 

0.66 

152 

3020 

0,96 

104 

2800 

2.3 

44 

2650 

32  and  15? 

7 

2530 

19 

5 

2400 

77 

1 

It  will  be  seen  from  this  table  that  the  amount  of  energy  which  just 
causes  phototropic  curvature  is  very  different  for  different  wave-lengths. 
The  yellow  (5700  A)  is  about  600  times  as  intense  as  is  the  white  light 
necessary  to  bring  about  the  same  response,  while  the  green  (5460  A)  is 

o 

approximately  400  times  as  intense,  and  the  blue  (4360  A)  only  0.03  as 
strong  as  the  energy  of  his  standard  white  light.  The  blue  is  thus 
approximately  10,000  times  as  effective  phototropically  as  the  green 
and  20,000  times  that  of  yellow.  The  violet  (4050  A)  is  also  very  effective 
but  only  about  half  that  of  the  blue. 

Wiechulla  (45)  using  the  sporangiophores  of  Phycomyces  found  the 
phototropic  action  of  light  passed  through  Schott  color  filters  as  com- 
pared with  that  of  white  light  to  have  the  following  values,  in  terms  of  tiie 
time  required  to  give  the  same  bending: 

Orange 8000 

Yellow 180 

Yellow  green 36 

Blue  green 13.6 

Blue 4 

Bergann  (3)  made  a  very  careful  study  of  the  effects  of  monochromatic 
light  on  the  growth  and  bending  of  Avena  saliva  as  well  as  the  effects 
produced  by  a  change  of  intensity  and  length  of  exposure.  Employing 
the  method  of  placing  the  young  plant  between  two  opposite  lights,  he 
concludes  that  the  regions  other  than  the  red  and  infra-red  produce 
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corresponding  growth  reactions  for  suitable  intensities.  In  unilateral 
light  equal  bending  is  shown  for  corresponding  intensities,  first  positive, 
negative,  then  positive.  Light  curvature  and  light-growth  reactions 
are  parallel  processes.  The  stronger 
the  light-growth  reaction  in  a  given 
wave-length  region,  the  greater  will 
be  the  tropic  response.  The  seed- 
ling's "choice"  in  the  compensation 
experiments  between  two  wave-length 
ranges  is  always  that  which  corre- 
sponds to  the  stronger  growth  reaction. 
Bachmann  and  Bergann  (2)  review 
the  early  work  of  Blaauw  and  correct 
the  energy  values  of  his  data  for  light 
absorbed  by  CUSO4  and  water  filter, 
also  surface  reflections  and  color  filter, 
in  order  to  compare  his  results  with 
those  obtained  by  Bergann.  The 
results  of  Sonne  and  Koningsberger 
are     also 


450 

(m)i) 

Fig.    3. — Graphs    showing    the    sensi- 
tivity of  Avena  saliva  to  wave-lengths  of 
light  (continuous  line)  as  compared  with 
the  corrected  values  of  Blaauw  (crosses), 
corrected     and     compared,    of  Sonne  (circles),  and  of  Koningsberger 

These  data  are  represented  graphically   ^BerglT,^^^''^^^ '    ^^"""^  bachmann  and 

in    Fig.    3,   in  which  the  continuous 

line    is    the    sensitivity    curve,    the    data    from    Blaauw's    work    are 

indicated    as    small    crosses,   those   of  Sonne   as   circles,   and   those  of 

Koningsberger  as  horizontal  lines. 
The  multiplier  for  Blaauw's  data  in  the 
short  wave-length  region  is  2.5. 

From  this  work  it  is  concluded 
that  there  are  two  maxima  in  the 
phototropic  curve  and  that  these 
correspond  in  general  to  the  maximum 
light  absorption  regions  of  chromo- 
440  480  520  560    600  MO   lipoids.     It    appears   that    the   photo- 

Wave- length -m^i  .  i        i  «. 

Fig.  4.-Graph8  showing  the  relative     ^''^P^^  CUrvatureS  m  the  different  wave- 
efficiencies  of  different  wave-lengths  in    length    regions   follow   the   absorption 

their  phototropic  action  on  Phycomyces     ^r  i:„ua   u  -a  u   j.  j.l    • 

hlakesleanus  (horizontal  lines),  on  Phyco-     ^^  ^^g^*  ^^  Specific  SubstanCCS  Or  their 

mi/ces  widens  after  Blaauw  (solid  circles),    compounds  ill  these  same  regions. 

and     on    Pilobolus     after     Parr     (open  rpi  -a-    -a  c     ^.i. 

circles).    (From  CaaUe,  16.)  ^he    sensitivity    of    the    sporangi- 

ophores  of  Phycomyces  to  light  of 
different  wave-lengths  was  investigated  by  Castle  (16).  The  sporangio- 
phores  were  placed  between  two  light  sources.  The  intensities  were 
adjusted  until  the  phototropic  effects  of  the  different  spectral  regions 
were  equal.  At  this  point  the  efficiency  of  each  region  was  taken  as 
proportional  to  its  relative  energy  content.     Wratten  filters  were  used 


too 

.0.  70 
1^60 
t  50 
<i,  40 
•^30 
-£20 
«  10 


fV'"»»           -«^ 

1     s^  5 

j/^^^<                   L_ 

7  t     \     t 

/tit 

t  X     X  I 

^    it 

^-i  4 

^=^    A 

\4A^ 

'^4=:^=^^ 

360    400 


1080 


BIOLOGICAL  EFFECTS  OF  RADIATION 


in  conjunction  with  a  copper  chloride  filter.  The  most  sensitive  region 
proved  to  be  in  the  violet  (4000  to  4300  A).  In  Fig.  4  the  author 
compares  his  results  with  those  obtained  by  Blaauw  and  Parr.  It  is 
pointed  out  that  because  of  the  presence  of  "accessory"  pigments  in 
these  sporangiophores  care  must  be  taken  in  correlating  these  results 
with  those  obtained  from  the  absorption  spectrum  of  the  photosensitive 
substance. 

The  early  results  of  Johnston,  Brackett,  and  Hoover  (24)  justified 
a  more  elaborate  and  accurately  controlled  experiment  wherein  narrower 

spectral  regions  could  be  used. 
For  this  purpose  Johnston 
(23)  used  a  specially  con- 
structed monochromator  and 
exercised  considerable  care  to 
eliminate  scattered  light  and 
to  keep  the  conditions  sur- 
rounding the  coleoptile  sym- 
metrical, with  the  exception 
of  the  wave-length  region 
being  investigated.  A 
double-walled  glass  cylinder 
with  water  between  the  walls 
slowly  rotated  about  the  axis 

The  entire 
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Fig.  5.— Graph  showing  phototropic  sensitivity 

curve.      The  ordinates  are  relative  sensitivity  values,  /.     i 

the  abscissas,  wave-lengths  in  Angstroms,  and  the  Ol   the  COleoptllC. 

horizontal  bars  indicate  the  wave-length  ranges  of  cylinder     WaS     enclosed     in     a 

the  balance  points.      Circles  indicate  points  obtained  ,.    ,                 r     i                u-    u 

with    filters    combined    with    the    monochromator.  llght-proof     boX     whlch     COn- 

The  crosses  show  where  mercury  lines  were  used,  tained   twO   oppositely  placed 

{From  Johnston,  23.)  .  ,          .      ,                 rrn              i 

Side  wmdows.  1  hrough  one, 
light  from  the  monochromator  was  passed,  and  through  the  other, 
light  from  the  standard  lamp.  The  standard  light  used  was  a  200- 
watt,  50-volt  projection  Mazda  lamp  with  the  filaments  in  a  plane. 
This  light  was  passed  through  a  Corning  line  filter  (No.  6.0),  a  heat- 
absorbing  glass,  and  a  water  cell.  Its  radiation  intensity  was  0.37 
/iw/cm.^  at  a  distance  of  25  cm.  The  general  method  of  procedure 
was  similar  to  that  used  with  the  earlier  type  of  plant  photometer. 

The  data  from  this  more  accurately  controlled  experiment  are  pre- 
sented in  the  table  shown  on  page  1081,  and  shown  graphically  in 
Fig.  5. 

The  phototropic  sensitivity  curve  rises  sharply  from  4100  A  to  a 
maximum  of  4400  A.  It  then  drops  off  to  a  minimum  at  about  4575  A 
and  again  rises  to  a  secondary  maximum  in  the  region  4700  to  4800  A. 
The  fall  is  very  rapid  from  this  point  to  5000  A,  thence  it  tapers  off 
very  gradually  to  a  threshold  on  the  long-wave-length  side  at  about 
5461 
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Table    2. — Data    Showing    the    Phototkopic    P^ffectiveness    ok    Restricted 

Regions  of  the  Visible  Spectrum 
That  for  the  Hg  line  4358  A  is  taken  as  unity.     {From  Johnston,  23) 


Wave-lenKlh 
range,  A 

Filter  used  with 

Light  intensity  ratio 

Relative  phototropie 

nionochromator 

(inonofhromator /standard) 

effectiveness 

4945-5055 

SG 

9.37 

0.05 

4873-4970 

NC 

1.78 

0.27 

4760-4840 

HRN 

0.54 

0.89 

4650-4750 

SG 

0.51 

0.94 

4530-4620 

SG 

0.58 

0.83 

4470-4545 

0.49 

0.98 

4360-4440 

0.42 

1.14 

4270-4335 

0.48 

1.00 

4170-4230 

0.65 

0.74 

4072-4125 

1.18 

0.41 

Hg  4358 

0.48 

1.00 

Hg  4047 



1.08 

0.44 

5secxlOOM,C 


Note. — SG,  Sextant  green  (1.94  mm.);  NC,  Noviol  "C"  (4.15  mm.);  HRN,  heat-resistant  Noviol 
(3.04  mm.). 

SENSITIVITY 

In  much  of  the  work  with  coleoptiles  the  entire  length  of  the  organ 
was  exposed  to  Ught.  Such  experiments  are  not  strictly  comparable 
with  those  in  which  only  the  tips  are 
illuminated.  Lange  (28)  has  shown  25 
that  the  first  50  /i  of  the  tip  is  the  '^ 
most  sensitive.  Toward  the  base  the  ^ 
sensitivity  decreases.  He  reports  that  25 
the  first  millimeter  zone  is  160  times  as  '5 
sensitive  as  the  second  millimeter  zone  5 
and  1800  times  that  of  the  third. 
Lange's  idea  that  only  the  tip  is  the 
region  of  light  perception  is  not  in 
agreement  with  the  work  of  Went  (42) 
who  determined  the  difference  in  the 
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Fig.  6. — Graphs  showinglight-growth 
response  of  Avena.     The  ordinate  repre- 
light-growth    response    of   the   tip    (first    sents  growth  in  microns  per  minute,  the 
^  _  ,  1,11  /.n  !•  abscissa  time  in  minutes,  the  arrow  the 

2.5   mm.)   and  the  base   (6  mm.  from   moment    of    illumination.    Graph    3, 

tip)   of  coleoptiles  illuminated  on  three    illumination  of  entire  coleoptile  (l 2  mm. 

.  1  „,      ,      .  r     J^  ■    .  ii     j^     long);  Graph  4,  illumination  of  the  tip 

Sides.       Went     is     of     the     opinion    that     (1.25    mm.);    Graph   5,    illumination    of 

there  are  two  distinct  growth  responses,   base  (9  mm.)  while  the  top  (:i  mm.)  is 

, ,        ,  .  1    .1       X  kept  in  darkness.      (From  Went,  42.) 

the  tip  response  and  the  base  response. 

These  differences  are  perhaps  best  seen  in  Fig.  6  (his  Graphs  3  to  5). 
Their  interpretation  should  be  of  interest  in  connection  with  Dillewijn's 
experiments  and  other  work  where  positive  and  negative  curvatures  are 
obtained  with  different  light  intensities. 
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Went's  data  indicate  two  reactions,  and  in  this  respect  they  agree  with 
what  Sierp  (38)  mentioned  earHer.  In  Graph  3  the  entire  coleoptile 
is  illuminated,  in  Graph  4  only  1.25  mm.  of  the  tip,  and  in  Graph  5 
only  9  mm.  of  the  base,  while  the  top  3  mm.  is  kept  in  darkness.  The 
abscissa  represents  the  time  in  minutes  and  the  ordinate  the  growth  in 
microns  per  min.  The  arrow  is  the  point  of  illumination  for  5  sec.  by 
100  meter-candles.  In  Graphs  4  and  5  it  will  be  seen  that  the  first 
effect  of  light  is  a  retardation  followed  by  an  acceleration  in  the  growth 
rate.  When  only  the  base  is  illuminated  (Graph  5)  the  minimum  occurs 
after  16  min.  When  the  illumination  is  confined  to  the  top  (Graph  4) 
the  minimum  occurs  after  approximately  60  min.  When  the  entire 
seedling  is  illuminated  (Graph  3)  the  two  separate  light-growth  responses 
are  distinctly  seen.  The  position  of  the  minimum  of  these  curves  depends 
on  temperature,  a  somewhat  lower  temperature  retards  the  time  of 
minimum  growth  rate.  Also  the  duration  of  the  illumination  enters 
as  a  factor.  Went  points  out  that  the  responses  of  Koningsberger  (27) 
with  continuous  illumination  must  be  considered  a  base  response. 

Arisz's  work  shows  that  the  first  positive  curvature  occurs  when 
the  tip  of  the  coleoptile  is  illuminated  by  light  less  than  4000  Mcs. 
From  these  facts  and  those  furnished  by  Dillewijn,  Went  concludes 
that,  "The  first  positive  curvature  results  from  the  different  tip  responses 
of  the  proximal  and  the  distal  sides  of  the  coleoptile"  and  that,  "The 
second  positive  curvature  is  the  consequence  of  the  base  responses  of 
the  proximal  and  the  distal  sides  of  the  coleoptile,"  which  appears  after 
more  illumination.  These  suppositions  are  in  agreement  with  Blaauw's 
theory.  Moreover,  it  is  possible  to  account  for  the  negative  curvatures 
by  a  combination  of  the  tip  and  base  responses. 

In  a  later  paper  Dillewijn  (18)  discusses  experiments  in  which  illumi- 
nation was  limited  to  three  zones  of  coleoptiles :  Zone  0,  from  the  tip  down 
to  2  mm.;  Zone  II,  from  the  2-mm.  to  the  7-mm.  point;  and  Zone  VII, 
from  the  7-mm.  to  the  9-mm.  point.  It  was  found  that  the  top  zone 
was  by  far  the  most  important,  especially  from  0  to  0.5  mm.  The  light 
quantities  used  were  800,  8000,  80,000,  and  800,000  mcs,  at  20°C.  and 
80  per  cent  humidity.     A  layer  of  water  absorbed  the  heat  rays. 

"Between  0  and  800  Mcs  the  retardation  becomes  continually  stronger 
by  increasing  quantities  of  light,  that  between  800  and  8000  mcs  it 
reaches  a  maximum  and  then  diminishes  and  entirely  disappears  at 
8000  MCS.  By  still  increasing  the  light  an  acceleration  sets  in,  which 
at  80,000  MCS  is  fairly  considerable,  and  with  still  more  light  also  dimin- 
ishes again  so  that  at  800,000  Mcs,  disregarding  a  transitory  retardation 
and  acceleration,  an  indifferent  stage  is  again  reached.  The  same 
behavior  was  found  for  the  uppermost  top  zone  of  0.5  mm.,  with  this 
difference  that  both  retardation  and  acceleration  are  somewhat  smaller 
than  in  illuminating  Zone  0.     This  means  that  the  top  reactions  take 
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place  almost  entirely  in  the  extreme  0.5  mm.  of  the  top  and  the  next 
1.5  mm.  is  only  very  little  sensitive  to  these  top  reactions.  .  .  .  All  basal 
zones  lack  the  property  of  giving  top  reactions  with  any  of  the  light- 
quantities  used."  But  the  author  found  that  all  the  zones  give  short 
reactions  with  large  light  quantities  (about  8000  mcs)  and  that  the 
top  zone  gives  only  long  reactions. 

From  the  application  which  Dillewijn  makes  of  the  growth  reactions 
to  phototropism  it  appears  to  him  "that  the  first  positive  curvature 
is  caused  by  unequal  growth-retardations  at  the  front  and  back,  while 
the  second  positive  curvature  is  caused  by  unequal  growth  accelerations 
at  the  front  and  back.  Negative  responses  may  be  caused  in  various 
ways.  The  front  may  present  a  retardation  or  an  indifferent  reaction, 
as  well  as  an  acceleration,  while  the  back  may  also  present  this  reaction, 
provided  that  the  growth  rate  is  there  smaller  than  at  the  front."  He 
therefore  claims  that  the  theories  of  Paal  (32)  and  Boysen-Jensen  (8) 
are  not  at  variance.  Paal's  conception  that  light  influences  the  forma- 
tion of  growth-regulating  substances  in  the  tops,  which  are  continually 
produced  in  darkness,  holds  good  for  the  first  positive  curvature,  while 
that  of  Boysen-Jensen,  that  a  positive  curvature  is  caused  by  growth 
acceleration  on  the  shaded  sides,  holds  good  for  the  second  positive 
curvature. 

Dillewijn  concludes  that,  "Phototropic  curvature  with  large  light 
quantities  consists  of  two  different  components,  namely  of  passing 
oscillations,  caused  by  reactions  in  all  parts  of  the  coleoptile,  and  of 
the  phototropic  curvature  proper,  caused  by  the  long  reaction  which 
occurs  in  the  top  only  and  from  there  proceeds  downward." 

GROWTH  SUBSTANCE 

Dolk  (19)  carried  out  a  number  of  experiments  which  showed  the 
immediate  connection  between  the  production  of  a  growth  substance 
and  the  transmission  of  the  phototropic  stimulus.  By  cutting  off  the 
sensitive  tips  of  coleoptiles  of  Avena  sativa  he  found  that  the  upper 
portion  of  the  decapitated  coleoptile  became  sensitive  in  150  min.  to  a 
definite  amount  of  hght,  while  the  corresponding  zones  of  the  intact 
coleoptiles  showed  no  such  growth  accelerations. 

Studies  on  the  appearance  of  new  physiological  tips  of  decapitated 
coleoptiles  reported  by  Soding  (39)  and  by  Dolk  (19)  were  extended 
by  Li  (30)  with  special  attention  to  the  influence  of  environmental 
conditions  on  the  formation  of  growth-promoting  substances  and  the 
effect  of  the  length  of  tip  removed.  In  these  experiments  he  considered 
the  average  number  of  minutes  between  decapitation  and  the  minimum 
growth  rate  a  measure  of  the  ability  to  regenerate  these  growth  sub- 
stances. For  the  temperature  range  studied  (10°  to  35°C.)  the  time 
required  for  the  appearance  of  a  new  physiological  tip  varied  considerably 
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(391  to  75  min.),  being  shorter  for  the  higher  temperatures.  Light 
exerted  no  influence.  The  time  required  to  develop  a  new  tip  also 
varied  with  the  length  cut  off,  being  shorter  for  a  short  section  cut  off. 
Contrary  to  Dolk's  claim  that  the  growth  of  a  regenerated  tip  never 
reaches  the  value  of  that  before  decapitation,  Li  found  that  with  the 
removal  of  only  1  to  2  mm.,  a  growth  substance  is  produced  that  equals 
that  of  the  original.     Dolk  cut  off  4  mm.  in  his  experiments. 

The  work  of  earlier  investigators  likewise  indicated  that  by  removing 
the  tip,  the  properties  of  the  tip  are  assumed  by  the  uppermost  zone. 
Paal  (32)  assumed  a  growth  regulator  in  the  coleoptile  of  Avena.  When 
this  substance  diffuses  from  the  tip  into  the  growing  region,  growth  is 
accelerated.  He  also  was  of  the  opinion  that  light  either  prevents  the 
formation  of  this  substance,  destroys  it,  or  impedes  its  diffusion. 

Went  (43)  has  carried  out  a  number  of  most  interesting  experiments 
which  have  given  much  information  as  to  the  formation,  character,  and 
effect  of  the  growth-accelerating  substance  produced  in  the  tips  of  cole- 
optiles  of  Avena.  He  placed  a  number  of  tips  cut  from  coleoptiles  on  a 
thin  sheet  of  gelatin  with  the  cut  surfaces  next  to  the  gelatin.  After  an 
hour  these  tips  were  removed  and  the  gelatin  cut  into  small  blocks  which 
were  then  placed  on  one  side  of  decapitated  coleoptiles.  In  3  hr.  these 
decapitated  coleoptiles  showed  very  marked  bending  (negative)  with  the 
})locks  on  the  convex  sides.  Control  blocks  not  previously  treated  with 
the  growth  substance  from  tips  produced  either  no  bending,  or  a  very 
slight  positive  curvature.  Likewise,  gelatin  on  which  sections  below  the 
tip  had  stood  gave  no  curvatures. 

Went  raises  the  question:  "What  influence  has  light  on  the  formation 
of  growth  regulators?"  By  illuminating  the  coleoptiles  with  different 
quantities  of  light  from  0  to  1,000,000  mcs  and  impregnating  gelatin 
with  substances  from  these  tips  and  studying  the  curvatures  produced  on 
decapitated  coleoptiles,  he  shows  that  a  less  amount  of  growth  substance 
diffuses  into  the  gelathi  from  the  tips  irradiated  with  1000  mcs  than 
from  those  irradiated  with  100,000  mcs.  He  also  shows  the  possi- 
bility of  imitating  phototropic  bending.  Stated  in  his  own  words,  "To 
do  this  I  first  placed,  as  in  all  former  experiments,  on  one  side  of  the  stumj) 
gelatin,  treated  with  tips  to  which  an  illumination  of,  e.g.,  100,000  mcs 
had  been  applied.  Then  on  the  other  side  a  gelatin  block  was  placed, 
on  which  tips  had  stood  that  had  been  illuminated  with  ten  times  less 
light.  In  this  way  a  gelatin  system  was  placed  on  the  stump  which, 
according  to  Blaauw's  theory,  as  nearly  as  possible  approached  the 
unilaterally  illuminated  tip.  The  plantlets  indeed  bent  themselves  in 
perfect  accordance  with  the  figures  obtained  by  Arisz.  With  a  difference 
of  1000  versus  0  mcs  a  positive  curvature  (in  7  out  of  9  plants,  2  remained 
straight)  occurred,  reckoned  toward  the  1000  mcs.  With  10,000  versus 
1000  MCS    the  curvature  was  negative.     With   100,000  versus   10,000 
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Mcs  I  found  a  positive  curvature  again,  i.e.,  toward  the  100,000  mcs." 
It  appears  that  the  retardation  in  growth  obtained  by  Dillewijn  with 
an  ilhimination  of  800  mcs  and  the  acceleration  with  80,000  Mcs  was  the 
result  of  a  smaller  and  larger  formation  of  growth-promoting  substances, 
respectively. 

Went  concludes  that,  "The  influence  of  light  on  a  coleoptile  of  Avena 
therefore  appears  in  this  investigation  as  in  the  former  to  be  twofold:  in 
the  first  place  it  has  an  effect  on  the  formation  of  growth  regulators  in 
the  tip,  and  secondly  it  temporarily  diminishes  the  transport  rate  of  the 
growth  regulators." 

The  influence  of  these  growth-promoting  substances  was  further 
studied  by  Uijldert  (41).  The  removal  of  the  flower  buds  of  Bellis 
perennis  greatly  retards  the  growth  of  the  flower  stalks.  One  experiment 
will  serve  to  illustrate  the  effect  of  the  growth  substance  from  Avena  on 
these  flower  stalks.  In  each  of  the  following  cases  six  flower  buds  were 
cut  off  and  the  growth  of  the  stalks  noted  after  24  hr. 

A.  Flower  buds  replaced:  growth,  1.43  mm. 

B.  Agar  with  2000  tip-minute  growth  substance  per  flower  stalk  (one  "tip- 
minute"  is  the  amount  of  growth-promoting  substances  which  diffuse  out  of 
the  coleoptile  tip  into  an  agar  disk  in  1  min.  A  value  of  600  tip-minutes  may 
mean,  therefore,  the  amount  diffusing  out  of  6  tips  in  100  min.  or  out  of  12  tips 
in  50  min.):  growth,  1.93  mm. 

C.  Pure  agar  without  growth  substance:  growth,  0.40  mm. 

D.  Control  in  which  buds  were  simply  cut  off:  growth,  0.63  mm. 

From  the  results  found  by  Uijldert  and  later  work  it  appears  that  the 
growth-promoting  substances  of  one  plant  may  influence  the  growth  of 
another  type  of  plant.  These  substances  occur  in  such  minute  quanti- 
ties that  they  are  more  or  less  comparable  to  animal  hormones.  They 
occur  in  the  coleoptiles  of  grasses,  in  various  fungi,  yeasts,  and  bacteria. 

Recently  Dolk  and  Thimann  (20)  have  attempted  to  determine  the 
chemical  nature  of  these  substances.  Because  of  the  difficulty  of  extract- 
ing them  from  the  tips  of  coleoptiles,  they  secured  them  from  the  fungus 
Rhizopus  suinus.  The  activity  of  their  material  was  tested  on  coleoptiles 
of  Avena,  as  described  by  Went  (44).  Briefly,  the  method  consists  of 
impregnating  small  blocks  of  agar  and  placing  them  on  the  sides  of 
decapitated  coleoptiles  and  noting  the  curvatures  after  a  given  time 
interval.  These  authors  state  that,  "In  order  to  be  able  to  bring  all  the 
data  on  to  a  quantitative  basis,  some  kind  of  a  unit  system  had  to  be 
introduced.  As  unit  was  chosen  that  quantity  of  growth  substance  which 
has  to  be  present  in  1  cc.  of  solution  to  give,  after  mixing  with  1  cc.  of 
agar,  an  angle  of  1  deg.  The  total  number  of  units  per  cubic  centimeter 
of  solution  is  then  found  by  multiplying  the  angle  measured  by  the 
dilution  in  which  the  test  was  carried  out.  In  the  experiments  below, 
the  first  figure  gives  always  the  dilution,  the  second  the  angle  actually 
measured.     The  actual  amount  of  material  in  the  block  applied  to  the 
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plant  is  only  one  two-hundredth  of  that  which  is  present  in  1  cc,  and 
this  quantity  is  termed  a  plant  unit.  The  units  defined  above  have  only 
an  arbitrary  value,  since  their  application  is  limited  to  measurements  in 
which  the  procedure  described  above  is  rigidly  adhered  to.  The  same 
dependence  upon  the  conditions  of  the  test  applies  to  the  biological  assay 
of  all  animal  hormones.  The  variety  of  oat  used,  the  culture  conditions, 
the  size  of  the  agar  blocks,  and  the  time  relations  between  the  various 
manipulations  will  all  exert  a  considerable  influence  upon  the  final  result." 

Several  methods  for  purifying  this  growth-promoting  substance  were 
examined  and  one  obtained  which  gives  extracts  of  fairly  constant 
purity.  Traces  of  peroxide,  present  in  freshly  distilled  ether,  are  sufficient 
to  destroy  some  20  per  cent  of  the  activity.  From  their  investigations 
it  is  shown  that  the  growth  substance  is  an  acid  with  a  dissociation 
constant  of  1.8  X  10"^.  Some  of  the  chemical  properties  are  given  as 
well  as  its  stability  to  acids  and  alkalies. 

A  few  months  later  Kogl  (25)  reported  the  results  of  his  chemical 
studies  of  the  growth  substance  ("auxin")  which  Went  found  in  the  tips 
of  oat  seedlings  and  which  is  similar  in  its  reaction  on  decapitated  seed- 
lings to  the  material  found  by  Nielsen  (31)  in  mushrooms.  A  similarly 
acting  product  was  also  extracted  from  "mash"  obtained  in  the  process  of 
making  alcohol  by  fermentation  of  molasses.  Kogl  attempted  to  extract 
the  pure  growth  substance  from  100,000  tips  of  Avena  but  found  human 
urine  a  much  better  source  of  supply.  He  realizes  that  it  is  too  soon  to 
state  that  the  active  substances  from  these  different  sources  are  identical, 
although  they  bring  about  similar  responses  in  the  test  plants.  During 
his  extraction  and  purification  processes  he  tested  the  material  on  sprouts, 
making  use  of  the  Avena  unit  (AE),  i.e.,  the  amount  of  substance  which  at 
a  temperature  of  22°  to  23°C.  and  a  humidity  of  92  per  cent  will  bring 
about  a  curvature  of  about  10  deg. 

The  auxin  behaves  as  a  monobasic  acid.  After  recrystallizing  from 
alcoholligroin,  it  was  found  to  have  a  melting  point  of  196°C.  and  an 
activity  of  about  50,000,000  AE/gm.  The  auxin  lacton  melts  at  170°C. 
and  has  an  activity  of  about  30,000,000  AE/gm.  The  molecular  weight 
by  the  Rast  method  is  338  and  by  titration  340.  Microanalysis  gives 
good  agreement  with  the  formula  C18H32O5.  Urine  obtained  about  3  hr. 
after  the  main  meal  gives  a  substance  with  maximum  activity.  Other- 
wise no  difference  was  found  as  to  sex  or  age. 

Cubes  of  skin  and  muscle  tissue  were  placed  on  the  sides  of  decapitated 
coleoptiles  instead  of  the  small  blocks  of  agar  in  the  AE  test,  but  only 
negative  results  were  obtained.  Cubes  cut  from  cancer  tumors  on  mice 
were  also  negative. 

GENERALIZATION 

Priestley  (36)  in  a  review  of  the  subject  of  phototropic  growth  curva- 
tures has  attempted  to  show  that  the  suggestion  of  de  Candolle  still 


GROWTH  MOVEMENTS  1087 

supplies  an  adequate  explanation  of  this  phenomenon.  The  view  that 
phototropic  curvatures  result  from  the  direct  action  of  an  external  agent 
upon  the  growing  region  is  held  preferable  to  the  interpretation  of  the 
phenomenon  in  terms  of  a  stimulus,  or  "releasing  mechanism,"  as  held 
by  Pfeffer.  Blaauw's  results  indicate  a  close  quantitative  relationship 
between  the  unilateral  light  causing  phototropism  and  the  response  itself. 
Priestley  points  out  "that  if  the  duration  of  exposure  is  sufficiently  long, 
any  intensity  of  light  may  produce  a  phototropic  response.  The  product 
of  minimal  time  of  exposure  necessary  into  intensity  of  light  always  gave 
the  same  value  of  20  meter-candle-seconds,  below  which  light  quantity 
no  response  can  he  observed.  Thus  there  is  no  absolute  threshold  value  of 
duration  of  exposure,  or  of  intensity  of  light." 

Priestley  emphasizes  the  point  that  etiolated  shoots  are  far  more 
sensitive  to  light  than  normal  ones  and  that  this  distinction  must  be  fully 
recognized  in  the  interpretation  of  phototropism  from  his  point  of  view. 
Where  phototropic  bending  occurs  in  normal  light-grown  shoots,  light 
influences  the  nutrition  and  extension  of  the  cells  at  the  growing  point. 
This  mechanism  is  quite  different  from  that  occurring  in  etiolated  shoots. 
Here  Priestley  brings  to  bear  his  earlier  observations  (34,  35)  in  support 
of  Blaauw's  views.  In  etiolated  shoots  "fatty  and  protein  substances 
will  be  released  from  complex  forms  of  chemical  combinations;  the  pro- 
teins will  disappear  from  the  walls  and  the  fatty  substances  migrate 
mainly  to  the  cuticle.  The  walls  of  the  cells  of  the  meristem,  and  of  the 
tissues  which  intervene  between  the  meristem  and  the  vascular  supply, 
are  thus  partly  freed  from  protein  and  fat  and  now  consist  mainly  of 
carbohydrates.  Along  the  walls  the  sap  from  the  vascular  supply  can 
now  percolate  more  freely  and  water-soluble  solutions  in  this  sap  find 
readier  access  to  the  superficial  cells  of  the  meristem,  which  are  farthest 
away  from  the  vascular  supply,  and  which  before  were  only  growing 
slowly.  Increased  superficial  growth  now  ensues.  Growth  as  a  whole 
may  be  as  active  as  ever  on  the  more  brightly  lit  side  of  the  etiolated  shoot, 
but  it  is  differently  distributed.  More  cells  are  added  to  the  surface  of 
stem  and  leaf  and  less  proportionately  to  the  inner  layers  of  the  shoot 
axis.  The  result  is,  therefore,  in  the  aggregate,  a  retardation  of  growth 
in  length  on  the  illuminated  side  and  a  positive  phototropic  curvature." 

In  a  later  paper  Priestley  (37)  reexamines  the  data  found  in  the  litera- 
ture on  phototropism  of  etiolated  coleoptiles  and  attempts  to  use  this  in 
support  of  his  viewpoint  rather  than  another  for  which  they  were  intended. 
It  is  pointed  out  that  practically  all  coleoptiles  employed  in  phototropic 
experiments  are  at  least  0.5  cm.  long.  At  this  stage  the  meristematic 
tissue  has  disappeared,  so  that  subsequent  growth  takes  place  through 
vacuolation  and  extension  in  length  of  already  existing  cells  and  not  from 
cell  formation.  Cell  extension  is  more  rapid  in  light  than  in  darkness, 
but  their  final  length  is  less.     Priestley  makes  use  of  the  fact  that  growth 
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depends  on  cell  turgidity  as  the  basis  of  his  explanation  of  the  results 
obtained  in  numerous  decapitation  experiments.  A  portion  of  his  dis- 
cussion is  perhaps  best  summarized  in  his  own  words. 

"The  frequent  occurrence  of  apical  guttation  is  recalled,  it  is  shown 
that  the  localization  of  the  apical  hydathode  explains  the  direction  of  the 
usual  autonomous  curvature  of  the  coleoptile.  The  permeability  of  the 
coleoptile  tissues  are  increased  by  light,  and  therefore  light  falling  on 
the  apex  increases  the  apical  guttation.  Lateral  light  falling  on  the  apex 
therefore  increases  the  rate  of  flow  from  the  vein  nearer  the  light  and  thus 
produces  a  phototropic  curvature.  When  the  apex  is  removed,  guttation 
is  very  free  and  growth  much  reduced  until  the  cut  surface  is  blocked. 
If  the  apex  is  replaced  immediately,  the  guttation  is  reduced  and  growth 
is  greater.  If  the  apex  is  replaced  on  the  side  of  the  stump  only,  this 
side  only  is  blocked  and  curvature  results.  From  the  same  standpoint 
the  different  curvatures  produced  by  the  asymmetric  replacement  of  an 
apex  or  a  ring  of  coleoptile  tissue  are  explicable.  If  the  replaced  apex  is 
laterally  illuminated  the  block  is  less  complete  on  this  side  of  the  stump 
and  positive  tropic  curvature  results.  The  various  facts  at  present 
elucidated  by  investigators  as  due  to  growth  regulation  by  substances 
diffusing  from  the  apex,  are  passed  in  review  from  this  new  standpoint, 
and  appear  to  be  consistent  with  it.  On  the  other  hand,  the  fact  of  the 
upward  flow  of  guttation,  reported  by  nearly  all  experimenters  with 
decapitated  coleoptiles  on  which  tips  are  replaced,  is  not  easily  reconciled 
with  the  idea  of  the  downward  diffusion  of  growth-regulating  substances. 
It  is  then  shown  that  an  interpretation  of  the  phenomena  of  phototropic 
curvature  in  the  coleoptile  which  is  consistent  with  the  'light-growth' 
hypothesis  of  Blaauw  can  be  applied  with  less  difficulties  and  fewer 
inconsistencies  than  any  interpretation  yet  attempted  on  the  lines  of 
stimulus  and  response." 

Although  Priestley's  point  of  view  is  very  interesting  and  stimulating, 
there  are  several  points  which  it  seemingly  does  not  fully  explain;  for 
example,  as  mentioned  by  him,  the  succession  of  positive  and  negative 
curvatures  is  one  problem.  The  more  recent  work  with  growth-accelerat- 
ing substances  presents  other  difficult  problems  not  easily  answered. 
From  the  careful  work  of  Went  and  his  associates  there  can  be  but  little 
doubt  that  the  growth-accelerating  substances,  though  small  in  actual 
quantity,  play  an  important  role  in  phototropic  responses.  The  rapid 
advances  made  in  the  accumulation  of  quantitative  data  during  the  past 
five  years  lends  hope  that  in  the  near  future  important  relationships  will 
be  obtained  from  the  existing  mass  of  what  now  appears  at  times  to  be 
merely  conflicting  data.  Furthermore,  much  of  this  information  prom- 
ises to  have  a  direct  bearing  on  the  relationship  of  certain  cell  products 
and  life  processes  to  radiation. 
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radiation.  Effect  of  radiation  on  extracted  chlorophyll.  Behavior  of  chlorophyll  under 
the  influence  of  tdtra-violet  radiation.  Influence  of  factors  other  than  radiation  on 
chlorophyll  formation.     Yellow  pigments  associated  with  chlorophyll.     References. 

CONDITION  OF  CHLOROPHYLL  IN  THE  CHLOROPLAST 

A  good  review  of  the  literature  on  the  origin  of  plastids  in  the  plant 
and  on  the  association  of  the  various  pigments  in  the  same  plastid  was 
given  by  Zimmermann  (89).  Pfeffer  (54)  called  attention  to  the  fact 
that  since  the  plastid  is  an  organized  part  of  the  living  cell,  its  functioning 
must  at  all  times  be  considered  with  this  in  mind.  Willstatter  and  Stoll 
(86,  pages  54-55)  believed  chlorophyll  to  be  held  in  the  chloroplast  in  the 
colloidal  state.  The  action  of  solvents  upon  the  leaf  material,  and  the 
nature  of  the  absorption  spectrum  of  the  living  leaf  as  compared  with  that 
of  extracted  chlorophyll  which  had  been  made  colloidal,  led  to  this 
opinion. 

Stern  (72)  concluded  that  only  molecularly  dispersed  chlorophyll  is 
fluorescent  and,  since  chlorophyll  in  the  chloroplast,  as  in  the  alga 
Chlorella,  is  fluorescent,  it  is  therefore  molecularly  dispersed  through  the 
plastid  and  may  be  in  a  viscous  solvent  (hpoid)  which  is  itself  coUoidally 
dispersed.  Tswett  (78a)  demonstrated  that  chlorophyll  fluoresces  in  the 
living  plant  and  he  found  fluorescence  in  Spirogyra  at  X6850  to  6700  A 
and  X6600  to  6500  A,  and  in  Oscillaloria  at  X6700  to  6300  A.  Lloyd  (37) 
confirmed  these  results  of  Tswett.  According  to  Noack  (46)  chlorophyll 
in  the  living  leaf  is  present  in  a  state  of  adsorption  in  a  monomolecular 
layer  on  the  protein  of  the  chloroplasts.  Hilpert,  Hofmeier,  and  Wolter 
(27)  believe  that  the  chlorophyll  in  the  leaf  is  related  in  some  way  both 
to  the  carotinoids  and  to  protein,  and  that  it  is  certainly  not  in  solution 
in  the  lipoid  phase.  It  is  obvious  that  there  still  remains  room  for 
further  clarification  as  to  the  physicochemical  state  of  the  chlorophyll 
in  the  chromatophore. 

CHLOROPHYLL  DEVELOPMENT  IN  RELATION  TO  RADIATION 

In  general,  plants  do  not  become  green  unless  exposed  to  visible 
radiation,  but  Artari  (1)  showed  that  some  one-celled  algae  turn  green 
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in  darkness  if  given  the  proper  nutrients,  and  Sachs  too,  demonstrated 
that  in  seedUngs  of  Pinus  sylvestris  and  Picea  sp.  the  cotyledons  are 
green  in  darkness  and  form  functionally  active  chloroplasts.  This 
research  was  enlarged  upon  by  Burgerstein  (5),  taking  into  consideration 
the  eifect  of  temperature  on  the  greening  in  complete  darkness.  Seed- 
lings of  most  of  the  Coniferae  and  of  the  genus  Ephedra  turn  green  in  the 
absence  of  light,  the  most  favorable  temperature  being  15°  to  25°C. 
Lubimenko  found,  however,  that  in  the  greening  of  coniferous  seedlings 
in  the  dark  less  chlorophyll  is  produced.  It  was  Pfeffer  who  first  called 
attention  to  the  fact  that  the  formation  of  chlorophyll  may  not  necessarily 
be  connected  with  the  presence  of  light,  and  its  nonformation  in  darkness 
in  most  plants  may  be  due  to  disturbances  of  nutrition  or  pathological 
conditions. 

Sachs  (60)  stated  that  light  of  moderate  intensity  is  best  suited  to 
the  formation  of  chlorophyll  in  the  plant  and  Famintzin's  (18)  experi- 
ments led  to  the  same  conclusion.  In  a  rather  long  series  of  experiments 
on  sunflowers,  tomatoes,  tobacco,  Geurn,  and  other  plants,  Shirley  (67) 
found  that  chlorophyll  concentration  increased  with  decreasing  light 
intensity  until  the  intensity  was  so  low  that  it  hazarded  survival.  Fur- 
ther decrease  in  light  intensity  caused  a  decrease  in  chlorophyll  concen- 
tration. Wiesner  (83)  believed  that  this  reduced  accumulation  of 
chlorophyll  in  strong  light  was  due  to  the  fact  that  the  decomposition 
and  formation  of  chlorophyll  occurred  together,  and  while  the  strong 
light  favored  rapid  formation,  it  also  hastened  decomposition. 

Wiesner  also  investigated  qualitatively  the  effect  of  wave-length  of 
light  on  chlorophyll  formation  and  found  that  in  weak  hght  plants  become 
green  more  rapidly  under  the  influence  of  the  red,  orange,  yellow,  and  a 
certain  region  of  the  green,  while  in  strong  light  they  green  more  rapidly 
in  the  blue  rays.  Dangeard  (7)  found  that  in  the  seedlings  of  Lepidium 
visible  greening  occurs  only  in  wave-lengths  longer  than  5100  A.  Blanched 
leaves  of  spinach  turn  green  between  6800  and  4400  A  to  a  varying 

o 

degree,  with  a  maximum  between  6800  and  6560  A  and  a  weaker  maxi- 
mum in  the  blue-violet.  Sayre  (63)  studied  this  question  more  thor- 
oughly and  found  that  wave-lengths  longer  than  6800  A  are  not  effective 
in  the  formation  of  chlorophyll  in  seedUngs  of  corn,  wheat,  oats,  barley, 
beans,  sunflowers,  and  radishes.  All  other  regions  of  the  remaining 
visible  and  ultra-violet  spectrum  (to  3000  A)  are  effective,  provided  the 
energy  value  is  sufficient.  For  approximately  equal  energy  values  in 
these  regions,  the  red  rays  are  more  effective  than  the  green,  and  the 
green  more  effective  than  the  blue.  The  question  of  the  comparative 
effectiveness  of  the  various  wave-lengths  of  radiation  is  complicated  by 
the  fact  that  even  if  equal  energy  values  for  each  wave-length  of  light  are 
used,  we  are  still  unable  to  determine  how  much  of  any  particular  wave- 
length is  absorbed  and  made  use  of  by  the  reacting  compounds  which 
form  chlorophyll  in  the  living  plant. 
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Jiust  how  light  may  function  in  chlorophyll  formation  is  a  problem  of 
great  complexity.  Preisser  (56)  investigated  the  formation  of  chlorophyll 
in  etiolated  plants  and  believed  the  leaf  green  to  be  formed  by  the  oxida- 
tion of  a  colorless  compound.  He  describes  his  results  as  follows: 
"Green  leaves  were  ground  in  a  porcelain  mortar.  The  green  fluid 
obtained  by  this  process  was  treated  with  a  little  lead  hydroxide  after 
the  filtration.  This  completely  precipitated  the  green  matter.  The 
lead  compound  was  decomposed  with  hydrogen  sulfide.  The  filtered 
liquid  was  colorless.  I  put  it  with  a  little  oxygen  gas  under  a  mercury 
receiver.  After  several  days  a  part  of  the  gas  was  absorbed,  the  liquid 
had  become  green  and  flakes  of  still  darker  green  had  deposited.  The 
absorption  took  place  especially  under  the  influence  of  sunlight."  Sachs 
(61)  discusses  this  question  of  chlorophyll  formation  under  11  headings, 
the  most  pertinent  ones  to  our  discussion  being: 

"Leaf  green  is  formed  from  a  substance  which  is  still  colorless  and  which  requires 
only  a  very  small  change  in  order  to  become  green." 

"The  formation  of  this  chromogen  or  leucophyll  takes  place  in  most  cases  simul- 
taneously with  the  decomposition  of  the  plasma  in  the  grains,  frequently,  also, 
earlier." 

"The  leucophyll  passes  over  into  chlorophyll  bj"^  the  action  of  oxygen  in  the 
nascent  state  or  generally  by  means  of  very  active  oxj'gen,  probably  because  a  part 
of  the  hydrogen  is  thereby  taken  away  from  the  leucophyll." 

"In  nearly  all  cases  this  oxidation  takes  place  if,  under  the  influence  of  sunlight, 
oxygen  from  other  compounds  becomes  free  within  the  cells." 

"The  oxidation  of  the  leucophyll  to  chlorophyll  can  also  take  place  without  the 
direct  influence  of  light  when  very  active  oxygen  diffuses  to  unlighted  parts  (chloro- 
phyll in  the  wood)  or  when  certain  substances  in  the  cells  (fats  and  ethereal  oils)  have 
the  property  of  ozonizing  the  oxygen  (chlorophyll  in  the  embryo  of  the  pine)." 

Monteverde  (44)  has  studied  the  origin  of  chlorophyll  in  the  etiolated 
plant  when  exposed  to  light.  He  found  in  etiolated  leaves  a  substance 
which,  under  the  influence  of  light,  is  replaced  by  chlorophyll;  and  he 
called  this  "protochlorophyll."  This  substance  varies  in  its  absorption 
spectrum  and  other  properties  from  Timiriazeff's  (77)  protophyllin 
obtained  by  artificial  reduction  of  the  green  coloring  matter.  Monte- 
verde used  wheat,  maize,  and  sunflower,  extracting  protochlorophyll 
and  yellow  pigments  with  95  per  cent  alcohol.  This  extract  when 
studied  spectroscopically  gave  absorption  bands  as  indicated  below. 

Band  I,  absorption  of  the  extreme  red  rays  to  X6800  A;  band  II, 
X6400  to  6200  A;  band  III,  X5890  to  5700  A;  end  absorption  X5350  A. 
Monteverde  considered  band  II  the  characteristic  protochlorophyll 
band.  Upon  exposure  of  the  etiolated  leaves  of  wheat  to  diffuse  light 
for  5  sec.  with  subsequent  alcoholic  extraction  in  the  dark,  band  I  of 
chlorophyll  appeared,  but  weak  in  intensity.  After  exposure  for  15  sec, 
the  relative  inten.sities  of  the  bands  were  II  a,  I,  III.  After  an  exposure 
of  1  min.,  to  diffuse  light,  band  I  was  of  greater  intensity  than  II  a. 
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After  10  min.,  the  relative  intensities  of  the  bands  were:  I,  II  a,  II  6, 

o 

III;  band  II  a  occurs  between  X6300  and  6220  A  and  band  II  6  between 

o 

X6180  and  6020  A.  After  24  hr.  band  II  a  had  disappeared  completely. 
Monteverde  gives  a  good  review  of  the  literature  concerning  protochloro- 
phyll  and  the  effect  of  radiation  in  chlorophyll  formation.  The  fluores- 
cence spectrum  of  protochlorophyll  was  investigated  by  Dhere  (11). 

In  1912  Monteverde  and  Lubimenko  (45)  reported  in  Russian  on 
the  formation  of  chlorophyll  and  their  conclusions  are  perhaps  not  so 
well  known.  They  confirmed  the  observations  of  Monteverde  to  the 
effect  that  when  etiolated  plants  are  exposed  to  diffuse  light  for  increasing 
intervals  of  time  the  amount  of  chlorophyll  present  increases  while  the 
amount  of  protochlorophyll  decreases.  By  use  of  a  microspectroscope 
the  formation  of  chlorophyll  by  illumination  of  live,  etiolated  plants  was 
studied.  In  the  first  moment  of  illumination  two  bands  were  observed: 
band  I,  X7000  to  6800  A;  band  II,  X6500  to  6300  A,  or  6500  to  6250  A, 
depending  on  the  concentration  of  the  preparation.     Band  I  after  a 

o 

short  time  changed  to  X6800  to  6600  A.     At  the  same  time  band  II  soon 

o 

disappeared,  and  after  5  to  10  sec,  a  band  X5650  to  5500  A  appeared. 

o 

This  was  called  band  IV.  Band  III,  X5950  to  5800  A,  also  appeared  at 
about  the  same  time.  Thus,  the  first  complete  spectrum  observed  upon 
illumination  was:  band  J,  X6800  to  6600  A;  band  II,  X6300  to  6200  A; 
band  III,  X5950  to  5800  A;  band  IV,  X5600  to  5400  A,  the  order^of  intensity 
being  I,  IV,  III,  II.  A  little  later  a  band  X5100  to  4800  A  appeared. 
These  observations  were  repeated  with  the  use  of  dried,  etiolated  wheat 
plants  and  it  was  found  that  the  same  changes  took  place  in  the  absorption 
as  was  found  in  that  of  the  live  plants,  with  one  exception.     In  the  dried, 

o 

etiolated  plants  the  band  X6300  to  6200  A  did  not  definitely  disappear 
but  remained  visible  no  matter  how  long  the  illumination.  The  investi- 
gators believed  that  this  band  belonged  to  that  part  of  the  original 
pigment  which  was  transformed  into  protochlorophyll  prior  to  illumina- 
tion, during  the  period  of  drying.  After  repeating  these  observations 
many  times  with  live  and  dried  wheat  and  luffa,  they  offer  the  following 
explanations  for  their  observations :  "  In  view  of  the  facts  described  above, 
we  have  come  to  the  conclusion  that  etiolated  plants  that  cannot  green 
in  the  darkness,  form,  in  the  absence  of  light,  a  special  pigment  having  an 
absorption  spectrum  very  much  like  chlorophyll.  This  pigment,  under 
the  influence  of  light,  changes  so  that  the  result  is  the  formation  of 
chlorophyll  or  perhaps  a  pigment  close  to  it.  In  such  a  way,  from  the 
point  of  view  of  the  formation  of  chlorophyll,  there  is  not  much  difference 
between  those  plants  that  can  green  and  those  that  cannot  green  in 
darkness.  Both  types  of  plants  form  in  darkness  out  of  the  colorless 
chromogen  a  certain  pigment  which  we  shall  call  'chlorophyllogen.' 
The  further  change  in  this  very  unstable  pigment  is  a  transformation 
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into  a  more  stable  form,  which  is  clilorophyll.  The  difference  between 
the  two  types  of  plants  is  simply  that  in  one  case  the  transformation  of 
chromogen  into  chlorophyll  requires  the  action  of  light,  while  in  the 
other  case  it  can  occur  in  the  absence  of  light,  entirely  under  the  influence 
of  chemical  agents  on  the  live  tissue." 

"In  the  case  of  plants  which  do  green  in  darkness,  it  is  not  possible 
to  observe  directly  the  presence  of  protochlorophyll.  But  in  some 
cases  the  presence  of  protochlorophyll  may  be  observed,  even  in  typical 
representatives  of  plants  that  green  in  darkness,  like  the  pine.  We  have 
observed  that  after  growing  Larix  and  Thuja  in  darkness,  and  treating 
them  with  alcohol,  one  may  identify  protochlorophyll  as  well  as  chloro- 
phyll. This  fact  indicates  that  in  some  cases  the  transformation  of  chlo- 
rophyllogen  into  chlorophyll  is  held  up  under  the  influence  of  unknown 
causes  which  make  it  possible  to  discover  its  presence  by  means  of  its 
derivative,  protochlorophyll." 

Thus  Monteverde  and  Lubimenko  believe  chlorophyllogen  is  one  of 
the  group  of  unstable  pigments  which  was  found  when  they  studied  the 
inner  envelopes  of  the  pumpkin-like  plants.  They  point  out  that  their 
experiments  with  these  plants  have  offered  them  ample  opportunity  to 
study  both  chlorophyllogen  and  protochlorophyll  and  the  complete  series 
of  stages  in  the  transformation  of  the  chromogen  into  protochlorophyll  or 
chlorophyll.  Their  concluding  statements  concerning  the  work  with 
wheat,  luffa,  and  pumpkin-like  plants  are:  "The  results  of  our  investiga- 
tions indicate  with  sufficient  conviction  that  chlorophyll  never  arises 
immediately  out  of  colorless  chromogen.  This  very  important  fact 
unites,  from  the  point  of  view  of  formation  of  chlorophyll,  the  plants 
which  are  able  to  green  in  darkness  with  the  plants  not  having  this 
property.  At  the  same  time  it  limits  the  role  of  light  in  the  formation  of 
chlorophyll.  The  facts  described  above  prove  that  under  the  influence 
of  light  a  new  formation  from  a  colorless  substance  does  not  occur,  but 
only  a  change  of  a  previously  arisen  pigment.  From  this  point  of 
view  the  formation  of  chlorophyll  is  not  at  all  as  simple  a  photochemical 
reaction  as  one  might  have  thought  from  the  latest  investigations  of 
Liro  (36)  and  Issatschenko  (29)." 

Lubimenko  (38)  demonstrated  the  presence  of  chlorophyllogen  in 
the  leaves  of  etiolated  plants.  The  two  absorption  bands  found  were 
X7000  to  6800  A  and  X6500  to  6300  A.  Light  causes  the  chlorophyllogen 
to  become  chlorophyll.  Extraction  of  the  living  tissues  with  alcohol 
led  to  the  protochlorophyll  of  Monteverde,  which  was  considered  an 
artificial  transformation  product.  Chlorophyllogen  seems  to  accumulate 
in  plants  which  become  green  in  the  absence  of  light. 

Lubimenko  outlines  the  formation  of  chlorophyll  by  the  following 
theory : 
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catalytic  reaction 
o.  Leucophyll  (Sachs)  »  chlorophyllogen 

catalytic  reaction  (enzyme) 

6.   Chlorophyllogen *  chlorophyll 

or  photochemical  reaction  (light) 

decomposition  in  darkness 
c.    Chlorophyllogen ►  protochlorophyll 

In  the  photochemical  reaction  (6)  blue  light  is  less  effective  than 
red  light. 

Lubimenko  and  Hubbenet  (39)  summarize  their  conceptions  of  the 
greening  process  in  the  following  steps:  (a)  Synthesis  of  leucophyll. 
(6)  Transformation  of  leucophyll  into  chlorophyllogen.  (c)  Transfor- 
mation of  chlorophyllogen  into  chlorophyll.  This  transformation  is  a 
photochemical  reaction.  When  wheat  seedlings  were  used  it  was  found 
that  the  influence  of  temperature  on  the  synthesis  of  leucophyll  and 
on  the  transformation  of  leucophyll  into  chlorophyllogen,  independently 
of  the  exposure  to  light,  began  at  a  temperature  of  2°  to  4°C.,  reached 
a  maximum  between  26°  to  30°C.,  and  ceased  near  48°C. 

Eyster  (17)  concludes  that  protochlorophyll  is  not  a  decomposition 
product  of  some  other  organic  substance,  such  as  leucophyll,  but  is  a 
pigment  which  develops  without  the  influence  of  light  and  changes 
photochemically  into  chlorophyll  upon  exposure  to  light.  He  does  not 
support  the  work  of  Monteverde  and  Lubimenko  on  the  presence  and 
importance  of  "chlorophyllogen." 

Noack  and  Kiessling  (47)  believe  that  chlorophyll  formation  repre- 
sents a  photooxidation  of  protochlorophyll,  the  addition  of  oxygen 
bringing  about  the  formation  of  chlorophyll  h.  It  seems  to  the  reviewers 
that  this  field  is  in  need  of  much  further  work  before  the  manner  in 
which  the  plant  builds  up  chlorophyll  can  be  comprehended. 

EFFECT  OF  RADIATION  ON  EXTRACTED  CHLOROPHYLL 

Gaffron  (21)  found  that  chlorophyll,  dissolved  in  acetone  and  irradi- 
ated, takes  up  oxygen  and  is  gradually  oxidized.  Upon  addition  of  a 
suitable  acceptor  (one  that  does  not  absorb  the  radiation)  the  oxygen 
ab.sorption  is  accelerated  and  the  destruction  of  the  chlorophyll  is  pre- 
vented. Gaffron  used  this  experiment  to  check  and  confirm  Einstein's 
equivalence  law  and  Warburg's  (82)  conclusions  that  every  quantum 
absorbed  by  chlorophyll,  independently  of  its  energy,  causes  the  same 
chemical  effect  in  the  living  plant.  Literature  on  the  oxidation  of 
chlorophyll  in  acceptor-free  solutions  is  quoted  by  Gaffron  on  page  761 
of  the  paper  mentioned  above  and  in  an  article  dealing  with  the  chemical 
aspect  of  the  reaction  (21a).  An  explanation  for  such  photooxidation 
of  chlorophyll  is  given  by  Pfeilsticker  (55),  using  the  theory  of  photo- 
oxidation of  anthraquinone  for  that  purpose.  Substances  like  gelatin 
or  gums,  which  increase  the  stability  of  colloidal  systems,  also  increase 
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the  resistance  of  chlorophyll  solutions  to  oxidation  in  light.  Wurmser 
(88)  has  done  a  great  deal  of  work  on  this  shielding  effect  of  the  protective 
colloid  and  on  the  velocity  of  decolorization  of  chlorophyll  solutions 
in  radiations  of  different  wave-lengths.  He  also  determined  the  relation- 
ship between  photochemical  susceptibility  and  absorption  constant  in 
red,  green,  and  violet  light. 

When  chlorophyll  in  solution  undergoes  photooxidation,  the  process 
is  accompanied  by  a  gradual  fading  of  the  color  of  the  solution  and  by 
the  decrease  of  the  intensity  of  the  absorption  bands.  The  chemistry 
of  this  change  is  still  open  to  investigation,  especially  in  respect  to  the 
formation  of  intermediate  products.  For  the  spectrum  change  of 
chlorophyll  in  the  living  leaf  in  light  Wlodek  (87)  offers  the  explanation 
that  either  a  change  of  the  relative  amounts  of  the  two  chlorophylls 
or  the  formation  of  unstable  compounds  between  chlorophyll  and  carbon 
dioxide  takes  place.  The  bleaching  of  chlorophyll  in  solution  and 
the  products  obtained  under  such  conditions  are  the  subject  of  a  study 
by  Wager  (81).  Although  the  formation  of  aldehydes  was  observed, 
the  author  himself  doubts  if  the  process  going  on  in  vitro  actually  takes 
place  in  nature. 

Another  phase  of  the  influence  of  radiation  on  extracted  chlorophyll 
was  studied  by  Roffo  (58).  He  prepared  pure  chlorophyll  from  alfalfa, 
exposed  it  to  ultra-violet  light  and  found  that  the  radiation  was  gradually 
emitted  again  over  a  period  of  more  than  a  month.  Roffo  points  out 
that  this  photoactivity  is  similar  to  that  of  cholesterol. 

Sensitization  of  chlorophyll  can  be  brought  about  by  irradiation 
with  ultra-violet  light,  as  Dixon  (13)  showed.  He  studied  the  photo- 
electric properties  the  chlorophyll  acquires,  and  based  a  theory  for 
photosynthesis  upon  his  findings. 

Rudolph  (59)  used  the  polarizing  spectrophotometer  of  Konig  and 
Martens  in  his  investigation  of  the  effect  of  colored  light  on  the  formation 
of  chloropla.st  pigments.  He  determined  the  molar  extinction  coefficients 
of  chlorophyll  a,  chlorophyll  6,  carotene,  and  xanthophyll,  and  the 
relative  extinction  coefficient  of  protochlorophyll  at  different  wave- 
lengths. The  influence  of  humidity,  of  leaf  surface,  of  carbon  dioxide, 
and  of  the  age  of  the  leaf  on  the  formation  of  chlorophyll  in  light  was 
studied,  and  interesting  genetic  relations  between  the  pigments  under 
investigation,  especially  between  the  carotinoids  and  chlorophyll  a 
were  found.     An  extensive  bibliography  is  given. 

BEHAVIOR  OF  CHLOROPHYLL  UNDER  THE  INFLUENCE  OF  ULTRA-VIOLET 

RADIATION 

Regarding  the  influence  of  radiation  of  short  wave-lengths  on  chloro- 
phyll in  plants,  whether  the  pigment  is  in  the  solid  state  or  in  solution, 
most  investigators  have  found  no  appreciable  decomposition  of  the 
pigment.     Schulze    (65)    came   to   this   conclusion,    using   radiation    of 
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X2800  A  on  Spirogyra,  Cladophora,  Nitella,  and  Tradescaniia.  Kluyver 
(32)  found  decomposition  only  after  55  to  60  hr.  of  irradiation  with  a 
mercury  arc,  and  he  beUeves  that  Schulze's  experiments  are  very  con- 
clusive, since  the  ultra-violet  radiation  actually  reached  the  chlorophyll 
without  decomposing  it.  Kluyver  also  reports  no  change  if  extracted, 
dried,  irradiated,  and  redissolved  chlorophyll  is  used.  Stoklasa  and 
coworkers  (75)  report  the  stability  of  chlorophyll  solutions  in  ultra- 
violet light.  Ursprung  and  Blum  (79)  found  that  the  cells  of  green 
leaves  from  Vicia  Faba  are  more  resistant  to  ultra-violet  light  than 
those  of  etiolated  leaves.  Hertel  (25)  observed  less  damage  done  to 
chlorophyll-containing  cells  of  Elodea  and  Vallisneria  if  visible  and  ultra- 
violet radiation  are  used  simultaneously.  While  these  authors  emphasize 
the  stability  of  chlorophyll  in  the  living  chloroplasts  as  well  as  in  the 
form  of  solid  precipitated  material,  or  in  concentrated  or  dilute  alcoholic 
solutions,  other  authors  come  to  the  opposite  conclusion.  Bierry  and 
Larguier  des  Bancels  (4)  reported  decolorization  of  alcoholic  chlorophyll 
solutions  under  prolonged  irradiation  with  two  mercury  arcs.  A  recent 
publication  by  Richter  (57)  deals  in  part  with  chlorophyll  decomposi- 
tion under  the  influence  of  the  quartz  mercury  arc.  Richter  uses  the 
"Kiinstliche  Hohensonne,  Original  Hanau"  and  finds  that  by  f^-hr.  irradi- 
ation of  leaves  or  parts  thereof  (from  Tropaeolum,  Robinia  Pseudacacia, 
and  7m  florentina)  destruction  of  the  chlorophyll  has  taken  place,  as 
indicated  by  the  distinct  yellow  coloration  characteristic  of  xanthophyll. 
Richter  also  finds  that  the  chlorophyll  destruction  in  irradiated  autumnal 
leaves  of  Tropaeolum  majus  is  smaller  than  in  summer  leaves  and  he 
explains  this  by  the  increased  thickness  of  the  epidermis  and  its  resistance 
to  radiation.  In  fall  leaves  the  beginning  decomposition  of  chlorophyll 
was  studied  by  means  of  the  fluorescence  color  analysis  (analysis  attach- 
ment to  Bach's  mercury  lamp).  This  method  allows  differentiation 
of  the  degree  of  decomposition:  it  was  found  that  the  decomposition 
is  more  distinct  in  irradiation  through  the  lower  than  through  the  upper 
epidermis.  Richter  observed  that  parts  of  yellow  fall  leaves  exposed 
to  light  X  <  3000  A  show  deep  green  color  owing  to  chlorophyll,  while 
the  unexposed  parts  remained  yellow.  For  this  preservation  of  chloro- 
phyll in  the  autumnal  leaves  Richter  gives  two  explanations:  (I)  Inter- 
ruption of  the  communication  of  the  sieve  tubes,  e.g.,  due  to  precipitation 
reactions  under  the  influence  of  ultra-violet  light.  Such  a  process 
would  prevent  the  transportation  of  chlorophyll  decomposition  products 
and  would  fit  well  into  Stahl's  work  (71)  on  interruption  of  sieve  tubes 
and  into  Molisch's  ideas  (43).  (II)  If  the  autumnal  decomposition 
of  chlorophyll  is  caused  by  an  enzyme,  the  complete  destruction  of  this 
enzyme  by  ultra-violet  light  would  account  for  the  preservation  of 
chlorophyll.  The  well-known  red  fluorescence  of  the  chloroplasts 
(Gicklhorn,  22)  is  only  visible  in  parts  of  the  leaves  or  in  solutions  which 
have  been  protected  from  ultra-violet  irradiation. 


CHLOROPHYLL  AND  CHLOROPHYLL  DEVELOPMENT  1101 

INFLUENCE  OF  FACTORS  OTHER  THAN  RADIATION  ON  CHLOROPHYLL 

FORMATION 

While  it  is  hardly  within  the  province  of  this  paper  to  discuss  the 
effects  of  various  factors  other  than  radiation  upon  the  formation  of 
chlorophyll,  it  is  obviously  worth  while  to  include  a  brief  statement 
of  some  of  the  other  known  factors,  supplementary  to  illumination, 
influencing  chlorophyll  development.  The  extent  of  the  available 
observations  makes  it  necessary  to  select  only  representative  instances. 

The  production  of  chlorophyll  is  affected  by  temperature,  and  Wiesner 
(84),  using  barley  seedlings,  gives  data  which  support  the  conclusion 
that  temperatures  somewhat  above  ordinary  room  temperature  are 
the  most  favorable,  while  with  very  low  or  very  high  temperatures 
there  is  no  greening. 

Gris  (23)  noted  in  1844  that  plants  deprived  of  iron  do  not  normally 
produce  chlorophyll.  Emerson  (15)  cultivated  Chlorella  in  pure  cultures 
using  Warburg's  medium  with  glucose.  By  varying  the  amounts  of 
iron  used  in  the  culture  medium  the  chlorophyll  content  differed  widely. 
Oddo  and  PoUacci  (50)  grew  plants  of  Zea  Mays,  Solanum  nigrum, 
Datura  Stramonium,  Euphorbia  sp.,  and  Aster  sinensis  in  a  standard 
nutrient  solution  lacking  iron  but  containing  the  magnesium  salt  of 
pyrrole-a-carboxylic  acid,  and  found  chlorophyll  formation.  Deuber  (9) 
was  unable  to  confirm  this  work  with  corn,  cowpea,  soy  bean,  and 
Spirodela.  Sideris  (68)  reported  that  titanium  trichloride  could  be 
substituted  for  iron  in  the  formation  of  chlorophyll  in  the  growth  of 
pineapples.  The  chemical  form  in  which  the  iron  is  presented  to  the 
plant  seems  to  make  little  difference  so  long  as  the  pH  is  kept  such 
that  there  is  a  soluble  iron  compound  available  at  all  times.  Marsh 
and  Shive  (41)  studied  this  problem  with  soy  beans  and  found  that 
ferric  glycerophosphate,  soluble  ferric  phosphate,  ferric  tartrate,  and 
ferrous  tartrate  vary  in  their  availability  depending  on  the  pH  of  the 
media.  Hopkins  and  Wann  (28a),  using  Chlorella,  also  showed  clearly 
that  the  availability  of  the  iron  for  the  plant  is  closely  related  to  the 
hydrogen  ion  concentration  of  the  media  at  the  various  stages  of  growth. 
According  to  Densch  and  Hunnius  (8),  copper  may  replace  the  iron  at 
least  partially  in  the  chlorophyll  synthesis. 

That  the  absence  of  necessary  mineral  salts  in  the  soil  results  in  the 
diminution  of  the  chlorophyll  and  carotene  contents  of  the  leaves  was 
stated  by  Ville  (80).  Maiwald  (40)  found  that  the  amount  of  potassium 
salts  used  as  fertilizer  greatly  influenced  the  intensity  of  the  greening 
in  the  leaves  of  the  potato.  If  large  amounts  of  potash  were  applied, 
the  leaves  turned  yellow.  In  1929  Schertz  (64)  confirmed  these  results 
of  Maiwald.  Another  essential  element  affecting  chlorophyll  develop- 
ment is  manganese.  McHargue  (42)  observed  that  wheat  seedlings 
grown  in  manganese-free  Pfeffer's  nutrient  salt  solution  grow  normally 
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for  the  first  six  or  eight  weeks,  but  after  this  time  the  development  of 
chlorophyll  is  retarded  and  the  plants  become  yellow  and  stunted. 
Chiefly  on  theoretical  grounds  McHargue  concludes  that  manganese 
plays  a  role  in  the  synthesis  of  proteins,  functions  as  a  catalyst  in  plant 
metabolism,  and  also  acts  with  iron  in  the  synthesis  of  chlorophyll. 

Kostychev  (33)  demonstrated  that  excess  of  certain  minerals  in  the 
soil  may  cause  diminution  of  the  chlorophyll  content  of  plants.  He 
found  that  fruit  trees  which  had  become  accustomed  to  soils  poor  in  lime 
showed  chlorosis  when  grown  on  soils  which  had  been  hea\dly  irrigated 
with  lime  water. 

It  has  long  been  known  that  plants  are  unable  to  build  up  chlorophyll 
without  the  presence  of  oxygen.  Friedel  (20),  using  Lepidium  sativum 
seedlings,  found  that  in  one-half  atmospheric  pressure  normal  greening 
took  place,  but  under  one-fifth  normal  pressure  there  was  a  greatly 
diminished  formation  of  chlorophyll.  Similar  results  were  obtained  with 
Phaseolus  muUiflorus.  It  should  be  pointed  out  that  this  question  is 
closely  related  to  the  one  raised  by  Pfeffer,  Liro,  and  Lubimenko  as  to 
the  part  the  living  cells  play  in  the  formation  of  chlorophyll.  Interesting 
relations  between  nitrogen  and  chlorophyll  content  of  leaves  in  autumn 
were  recently  elucidated  by  Hilpert  and  Heidrich  (26). 

Palladin  (51)  pointed  out  that  carbohydrates  are  essential  to  the 
formation  of  chlorophyll  since  etiolated  leaves  which  contain  appreciable 
amounts  of  soluble  carbohydrates  green  rapidly  when  illuminated,  while 
those  which  contain  little  or  no  soluble  carbohydrates  remain  yellow. 
If,  however,  these  yellow  leaves  are  floated  on  a  solution  of  glucose  or 
cane  sugar,  rapid  greening  occurs.  Senn  (66)  found  that  etiolated  leaves 
of  corn  and  beans  floated  on  sugar  solutions  of  different  concentrations, 
under  illumination,  will  not  turn  green  in  low  light  intensities  and  strong 
sugar  solutions.  Strong  light,  however,  counteracts  this  effect.  It  has 
been  shown  that  Chlorella,  if  glucose  is  added  to  the  nutrient  media,  will 
form  chlorophyll  in  the  dark  and,  if  one  wished  to  speculate  on  this  mat- 
ter, it  may  be  considered  possible  that  any  cell  which  is  inherently  capable 
of  forming  chlorophyll  in  the  light  could,  if  constructed  for  absorbing 
soluble  carbohydrates,  form  chlorophyll  in  absolute  darkness.  This  was 
apparently  not  so  far  from  the  minds  of  Monteverde  and  Lubimenko  in 
their  ideas  on  the  relative  effects  of  photochemical  and  strictly  chemical 
formation  of  chlorophyll  in  the  living  plant. 

YELLOW  PIGMENTS  ASSOCIATED  WITH  CHLOROPHYLL 

Yellow  pigments  are  always  present  in  green  leaves.  In  the  literature 
carotene  and  xanthophyll  are  usually  mentioned.  Palmer's  monograph 
(52)  gives  a  detailed  account  of  the  carotinoids  and  related  pigments  to 
the  year  1922.  During  the  last  few  years,  however,  our  knowledge  of  the 
yellow  pigments  has  increased  considerably.     Thus,  three  different  forms 
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of  carotene  are  now  known;  they  are  unsaturated  hydrocarbons  of  the 
formula  C4oH564f 

The  name  xanthophyll  was  given  by  Berzelius  (3a)  to  the  yellow  pig- 
ment from  leaves.  It  is  a  hydroxyl-containing  carotinoid  of  the  formula 
C40H66O2.  Two  recent  suggestions  for  the  nomenclature  of  the  oxygen- 
containing  yellow  pigments  are  the  following: 

Kuhn  (35)  uses  the  term  xanthophyll  as  a  group  name  for  the  hydroxyl- 
containing  carotinoids  of  the  C40  series.  Kuhn  in  agreement  with  Will- 
statter  has  changed  the  name  of  the  leaf  xanthophyll  (C40H56O2)  to 
lutein.  Von  Euler  uses  the  term  lutein  for  the  natural  mixture  of 
pigments  in  egg  yolk. 

Karrer  (30)  suggests  that  the  name  xanthophyll  be  reserved  for  the 
carotinoid  C40H56O2  from  the  green  leaf  (=  Kuhn's  "lutein")  and 
that  the  oxygen-containing  carotinoids  with  40  carbon  atoms  be  called 
phytoxanthins.  The  names  of  the  individual  substances  are  then  to  be 
formed  in  connection  with  the  place  of  formation  of  these  substances, 
e.g.,  xanthophyll  from  the  green  leaf,  zeaxanthin  from  Zea  Mays,  viola- 
xanthin,  taraxanthin,  and  fucoxanthin. 

Von  Euler  and  Hellstrom  (16a)  germinated  barley  grains  in  the  dark 
and  then  exposed  them  to  light.  During  illumination  the  increase  in 
carotene  and  in  chlorophyll  content  go  closely  parallel  and  at  a  higher 
rate  than  xanthophyll.  In  etiolated  plants  practically  no  carotene  was 
found.  Chlorophyll  and  carotene  formation  are  apparently  photo- 
chemical reactions.  Sjoburg  (69)  studied  the  formation  of  chlorophyll 
and  the  yellow  plant  pigments  under  varying  conditions  and  at  different 
stages  of  the  development  of  the  plants.  The  formation  of  carotinoids 
and  anthocyanins  in  the  blossoms  was  the  same  in  light  and  darkness. 
Guthrie  (24)  studied  the  effect  of  environmental  conditions  on  chloroplast 
pigments.  Some  of  his  results  may  be  noted :  (a)  Increasing  the  duration 
of  illumination  results  in  a  decrease  in  total  chlorophyll  and  carotinoids 
as  measured  on  the  dry-weight  basis.  (6)  Screening  out  the  ultra-violet 
light  from  sunlight  has  no  significant  effect  on  chlorophyll  or  carotinoids. 
(c)  Screening  out  the  red  light  results  in  an  increase  in  both  chlorophyll 
and  carotinoids,  but  this  is  partially  due  to  intensity  reduction.  The 
ratio  chlorophyll  a :  chlorophyll  h  is  higher  under  blue  light,  but  the  num- 
ber of  analyses  was  insufficient  to  be  certain  of  this  increase.  Brown 
pigment  production  is  favored  by  blue  light,  (d)  Reducing  the  light 
intensity  to  12  per  cent  of  normal  sunlight  results  in  an  increase  in 
chlorophyll  and  carotinoids.  The  chlorophyll  a: chlorophyll  b  and 
carotene :  xanthophyll  ratios  show  no  significant  change.  Brown  pig- 
ment is  reduced,  (e)  Placing  plants  in  the  dark  results  in  a  large  decrease 
in  chlorophyll  unaccompanied  by  a  corresponding  decrease  in  carotinoids. 
The  carotene :  xanthophyll  ratio  shows  a  marked  increase.  Brown  pig- 
ment increases. 
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Willstatter  and  Mieg  (85)  found  that  the  carotene  content  of  leaves 
varies  with  the  season  of  the  year;  the  greatest  amoujit  was  found  in 
stinging  nettle  and  horse-chestnut  leaves  during  the  flowering  season  of 
both  plants.  The  formation  of  carotene  seems  also  to  be  influenced  by 
light. 

Parallelism  between  the  rate  of  development  of  chlorophyll  and  of 
xanthophyll  in  visible  light  was  reported  by  Norris  (49).  He  was  able 
to  develop  xanthophyll  independently  of  carotene  by  controlling  oxygen 
tension,  and  he  also  found  that  minimum  oxygen  tensions  are  necessary 
for  the  development  of  each  pigment. 
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RADIATION  AND  ANTHOCYANIN  PIGMENTS 

John  M.  Arthur 

Boyce  Thompson  Institute  for  Plant  Research 

Introduction.  Light  and  anthocyanin  pigtttents.  Carbohydrate  accumulation  and 
anthocyanin  development.  Relation  of  anthocyanin  production  to  environment.  Tem- 
perature, radiation,  and  anthocyanin  formation.  Absorption  and  transmission  of 
anthocyanin  pigments.     Canclusion.     References. 

INTRODUCTION 

The  eye  of  man  was  attracted,  probably  from  the  beginning,  by  the 
bright  pigments  of  plant  leaves,  flowers,  and  fruit.  The  first  studies  of 
these  pigments,  therefore,  date  back  to  the  first  studies  on  the  physiology 
of  plants.  In  1664,  Robert  Boyle  (8)  recorded  his  observations  that 
syrup  of  violets  turned  red  when  vinegar  or  any  other  acid  liquor  was 
added.  Since  that  time  the  bibliography  on  this  subject  has  accumulated 
at  a  rapid  rate.  Onslow  (25)  has  published  a  book  on  the  anthocyanin 
pigments  which  gives  879  references  to  publications  on  this  single  group 
up  to  the  year  1925  and  this  is  by  no  means  complete.  Mobius  (25), 
in  1927,  published  a  monograph  on  various  kinds  of  plant  pigments. 
This  publication  includes  more  than  300  references.  In  general,  the 
possibility  of  formation  of  pigments  is  largely  determined  by  hereditary 
factors.  The  degree  of  pigmentation  may  be,  and  often  is,  determined 
by  environmental  factors.  For  a  discussion  of  factors  other  than  light 
which  affect  pigment  formation,  the  reader  should  consult  the  book  by 
Onslow  mentioned  above. 

The  effect  of  light  and  darkness  on  some  of  the  red  and  blue  antho- 
cyanin pigments  was  ob-served  in  1799  by  Senebier  (32).  Crocus  and 
tulip  flowers  he  found  developed  pigment  in  the  dark.  Sachs  (28) 
confirmed  the  work  of  Senebier  and  added  iris  and  hyacinth  to  the  list 
of  flowers  developing  pigment  in  the  dark.  Sachs  also  found  another 
group  of  flowers  which  developed  color  only  if  the  buds  were  exposed  to 
light  until  the  time  of  opening.  Brassica,  Tropaeolum,  Papaver,  and 
Cucurhita  were  included  in  this  list.  Where  shoots  only  of  these  plants 
were  darkened,  the  flowers  which  developed  upon  these  had  a  less  brilliant 
coloration.  Sorby  (33)  studied  the  absorption  bands  of  extracted  pig- 
ments as  well  as  the  development  of  colors  in  the  plants.  He  observed 
that  the  production  of  red  pigment  in  leaves  often  depended  upon 
light,  since  a  leaf,  when  partially  covered  by  an  opaque  screen,  such  as 
another  leaf,  did  not  develop  pigment  under  that  screen.     Sorby  was 
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impressed  by  the  curious  fact  that  chlorophyll  and  the  red  pigments 
formed  by  light  were  also  decomposed  again  by  the  same  agency.  On 
account  of  the  immediate  appearance  of  red  and  yellow  pigments  upon  the 
disappearance  of  chlorophyll  in  the  fall  he  was  led  to  believe  that  these 
pigments  were  formed  by  the  decomposition  products  of  chlorophyll. 
This  confusion  of  ideas  persisted  until  recently  when  the  chemical  identity 
of  chlorophyll  and  of  the  red  and  yellow  pigments  was  established  by 
Willstatter  (34)  and  others.  More  recently  the  chemical  synthesis  of 
many  of  the  anthocyanins  has  been  accomplished.  This  work  has  been 
critically  discussed  and  summarized  by  Karrer  and  Helfenstein  (16). 
The  apparent  production  of  yellow  pigments  in  autumn  leaves,  citrus 
fruit,  and  elsewhere  as  chlorophyll  disappears  should  not  be  confused 
with  the  production  of  pigment  by  the  direct  action  of  light.  Often  the 
yellow  pigments,  carotene  and  xanthophyll,  already  exist  in  such  leaves 
and  fruit  but  are  masked  by  the  presence  of  chlorophyll.  When  the 
chlorophyll  is  decomposed  by  light  or  other  agency  the  yellow  pigment 
remains,  and  this  results  in  a  rapid  change  of  color  from  green  to  orange 
or  yellow.  In  some  roots,  flowers,  and  fruits  the  carotinoid  pigments 
are  developed  in  the  complete  absence  of  chlorophyll.  The  effect 
of  radiation  on  the  development  of  the  carotinoid  pigments,  as  well  as 
its  effect  on  chlorophyll  development,  is  considered  elsewhere  in  this 
monograph.     The  present  discussion  is  limited  to  the  anthocyanins. 

LIGHT  AND  ANTHOCYANIN  PIGMENTS 

Askenasy  (3),  Beulaygue  (5),  and  Gertz  (14)  studied  the  development 
of  red  pigments  in  several  flowers  and  leaves  kept  in  darkness  and  found 
that  these  pigments  were  often  greatly  reduced  or  failed  to  develop 
entirely  in  some  species  in  darkness.  Onslow  (25)  has  listed  various 
organs  of  a  number  of  plants  which  form  anthocyanin  in  darkness  and 
has  also  given  a  similar  list  in  which  light  appears  necessary  for  the 
formation  of  pigment.  Gertz  found  that  autumn-colored  leaves  of 
various  species  of  Viburnum,  Cornus,  and  Prunus  often  showed  natural 
photographs  of  the  leaves  covering  them.  Anthocyanin  pigments 
developed  only  on  those  cells  which  were  exposed  to  light.  Linsbauer  (19) 
working  with  etiolated  buckwheat  seedlings  {Fagopyrum  esculentum) 
found  that  the  amount  of  pigment  developed  when  exposed  to  a  lamp 
depended  upon  both  the  intensity  and  the  time  of  exposure. 

CARBOHYDRATE  ACCUMULATION   AND   ANTHOCYANIN   DEVELOPMENT 

Onslow  (25,  page  90)  pointed  out  that  it  is  difficult  to  determine  in  the 
experiments  of  Linsbauer  whether  the  appearance  of  anthocyanin  is 
due  to  the  direct  action  of  light  or  to  the  products  of  photosynthesis 
induced  by  light.  This  confusion  of  the  factors  producing  anthocyanin 
exists  in  both  the  older  and  later  literature  on  the  subject.     Onslow 
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(25,  pages  83-86)  discussed  critically  the  older  literature  which  presents 
the  evidence  that  carbohydrate  and  especially  sugar  accumulation  in 
plants  induce  pigment  formation.  Later  papers  by  Sando  (29),  Emerson 
(12),  Magness  (20),  Fletcher  (13),  and  others  present  further  evidence 
of  a  similar  nature  or  assume  that  pigment  production  is  increased  by 
the  accumulation  of  the  products  of  photosynthesis.  It  should  be  pointed 
out,  however,  that  the  citation  of  a  number  of  cases  where  high  car- 
bohydrate content  accompanies  pigment  formation  does  not  prove  that 
such  an  accumulation  causes  pigment  production.  The  fact  that  each 
molecule  of  anthocyanin  contains  normally  one  or  two  molecules  of  sugar 
makes  the  above  cause  and  effect  relation  seem  logical,  from  a  chemical 
point  of  view.  We  should  not  lose  sight  of  the  fact,  however,  that  we 
are  dealing  with  living  cells  where  sometimes  reactions  take  place  which 
are  not  at  all  logical  from  a  chemical  point  of  view,  and  conversely 
where  reactions  may  not  take  place  although  all  necessary  products  are 
present.  When  it  is  recalled  that  the  anthocyanin  in  any  plant  probably 
represents  only  a  very  small  fraction  of  the  dry  weight  of  the  entire 
plant  as  compared  with  10  to  20  per  cent  of  easily  available  carbohydrate, 
any  limitation  of  pigment  formation  due  to  a  shortage  of  carbohydrate 
is  unlikely.  Although  Willstatter  and  Mallison  (35,  page  153)  have 
shown  that  the  most  highly  pigmented  part  of  a  dark-red  dahlia  flower 
may  contain  as  high  as  30  per  cent  pigment  on  a  dry-weight  basis,  this 
localized  area  contains  only  a  small  fraction  of  the  total  available  car- 
bohydrate content  of  the  plant.  Such  high  concentrations  of  pigment 
even  in  localized  areas  appear  exceptional  in  plant  tissues.  Most  of  the 
pigment  concentration  values  given  by  Willstatter  and  Mallison  for  other 
highly  colored  flower  parts  are  less  than  10  per  cent  of  the  dry  weight. 
In  many  fruits,  stems,  and  leaves  where  pigment  is  present  only  in  the 
first  few  layers  of  cells  beneath  the  epidermis  the  concentration  is  no 
doubt  only  a  small  fraction  of  this  In  contrast  with  the  accumulation- 
of-products  theory  as  a  cause  for  pigment  formation.  Combes  (9)  and 
Combes  and  Kohler  (10)  found  a  decrease  in  both  nitrogen  and  car- 
bohydrate fractions  in  leaves  during  the  autumnal  development  of 
pigment.  Murneek  and  Logan  (24)  reviewed  the  literature  on  the  subject 
and  studied  the  migration  of  both  nitrogen  and  carbohydrate  from  several 
varieties  of  apple  leaves.  They  found  that  nitrogen  decreases  from  the 
time  active  growth  ceases  until  complete  defoliation  occurs,  but  there 
was  no  definite  trend  established  in  the  migration  of  carbohydrates  from 
the  foliage.  Denny  (11)  by  means  of  the  twin-leaf  method  made  a  careful 
study  of  the  trends  of  both  carbohydrate  and  nitrogen  fractions  in 
Viburnum  and  lilac.  He  found  a  definite  decrease  only  in  nitrogen 
and  that  only  in  the  case  of  Viburnum.  No  trend  was  established  for 
nitrogen  in  lilac  leaves  or  for  carbohydrates  in  either  species  during  the 
autumn-migration  period.     Of  the  two  species  only  Viburnum  showed 
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autumnal  reddening  of  leaves.  From  the  foregoing  literature  the  only- 
change  in  the  carbohydrate  and  nitrogen  fractions  of  leaves  which  redden 
during  autumn  which  has  been  consistently  observed  by  the  various 
workers  is  loss  of  nitrogen.  It  might  be  concluded,  therefore,  that  loss 
of  nitrogen  from  lea^^es  is  a  cause  of  pigment  formation,  but  when  the 
variations  in  the  different  fractions  with  species  just  mentioned  are 
considered,  it  seems  as  logical  to  conclude  that  further  careful  analytical 
work  may  reveal  some  exceptions  even  in  the  case  of  loss  of  nitrogen. 

RELATION  OF  ANTHOCYANIN  PRODUCTION  TO  ENVIRONMENT 

In  a  multiconditioned  natural  environment  it  is  always  diflficult  to 
determine  which  factor  or  factors  affect  a  given  process  in  plants.  This  is 
true  of  pigment  formation.  In  order  to  determine  more  accurately  the 
part  which  each  factor  plays  in  the  development  of  pigment  much  progress 
might  be  made  by  growing  many  species  of  plants  which  form  pigment 
in  an  artificial  climate  where  various  climatic  factors  were  carefully 
controlled.  So  far  this  has  not  been  done.  In  the  absence  of  such  a 
study  some  information  may  be  gained  by  a  consideration  of  work  with 
various  separate  plant  organs  such  as  leaves,  fruits,  stems,  and  bulb 
scales  held  under  more  accurately  controlled  conditions. 

Mirande  (21)  observed  that  the  bulb  scales  of  lilies  produced  a  red 
pigment  when  removed  and  exposed  to  diffuse  daylight  or  to  artificial 
light.  The  scales  were  exposed  under  one  to  six  layers  of  white  silk 
transmitting  from  0.53  to  0.07  of  the  intensity  of  sunlight  as  measured 
by  a  photometer.  At  an  altitude  of  300  meters  the  reddening  did  not 
take  place  in  open  sunlight  or  under  one  layer  of  cloth,  but  started  under 
two  layers  and  reached  a  maximum  under  three  layers.  At  600  meters 
the  reddening  began  under  three  layers  and  reached  a  maximum  under 
four  layers.  At  2000  meters  the  reddening  started  under  three  and 
four  layers  and  reached  a  maximum  under  six  layers.  In  diffuse  light 
pigment  is  developed  under  glass-water  filters  and  also  under  a  solution 
of  alum  in  glass  used  as  a  filter,  showing  that  the  extreme  ultra-violet 
and  infra-red  regions  are  not  required.  Pigment  is  not  developed  under 
these  filters  in  open  sunlight.  The  author  concludes,  therefore,  that  the 
active  rays  are  in  the  visible  region.  By  means  of  various  filters  (liquid, 
colored  glass,  and  Wratten)  Mirande  found  that  the  blue-violet  region 
was  most  effective  in  producing  color  and  the  red  was  second  in  impor- 
tance, while  the  green  produced  no  color.  It  is  evident  from  the  fore- 
going that  even  a  reduced  intensity  of  light  in  the  blue-violet  region  is 
effective  in  producing  red  pigment  on  the  bulb  scales  of  lily.  Since 
temperatures  were  not  controlled  in  these  tests,  there  is  the  possibility 
that  higher  temperatures  inhibited  pigment  formation  in  the  open  sun- 
light as  well  as  high  light  intensity,  while  both  lower  temperatures  and 
higher  light  intensities  which  usually  obtain  in  the  higher  altitudes  might 
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favor  pigment  formation.     The  author  observed  that  the  scales  withered 
rapidly  in  the  open  sunlight. 

TEMPERATURE,  RADIATION,  AND  ANTHOCYANIN  FORMATION 

Anthocyanin  pigments  in  nature  develop  best  in  the  spring  and 
autumn  when  temperatures  are  lowest.  Overton  (26)  found  that  the 
higher  the  temperature  the  less  pigment  was  formed  in  Hydrocharis 
leaves.  Klebs  (17)  also  observed  that  flowers  of  Primula  sinensis  and 
Campanula  trochelium  were  more  highly  colored  when  grown  in  the  cold. 
Bonnier  (7)  and  Heckel  (15)  have  noted  the  increased  pigmentation  of 
flowers  grown  at  high  altitudes  as  compared  with  those  grown  in  low- 
lands. Many  workers  have  discounted  the  possible  direct  effect  of  low 
temperatures  on  anthocyanin  formation,  preferring  to  believe  that  the 
effect  is  due  to  the  accumulation  of  the  products  of  photosynthesis, 
especially  sugars,  at  low  temperatures.  In  the  case  of  autumnal  coloring 
of  leaves  it  has  been  pointed  out  above  that  no  definite  proof  of  such  an 
accumulation  exists  in  the  period  during  which  color  develops.  The 
evidence  here  is  largely  in  favor  of  a  low  temperature  effect  on  pigment 
production  or  of  other  factors  not  yet  studied  thoroughly.  Kosaka  (18) 
has  studied  recently  the  effect  of  both  low  temperature  and  light  intensity 
on  pigment  development  in  chrysanthemum  flowers.  The  pigment 
was  developed  only  in  light.  Using  shading  cloth  he  determined  that 
lower  light  intensities  produced  less  color.  Low  temperatures  of  7°  to 
15°C.  favored,  while  higher  temperatures  of  25°  to  30°C.  inhibited, 
pigment  development. 

Many  fruits  develop  red  color  only  in  light.  In  others  pigment 
production  is  aided  by  exposure  to  light.  Fletcher  (13)  found  that  when 
growing  apples  were  bagged  while  on  the  tree  in  red  cellophane  bags 
which  had  a  low  transmission  in  the  blue  region,  red  pigment  failed  to 
develop.  If  the  fruit  was  bagged  late  in  the  growing  season,  color 
developed  more  rapidly  than  in  nontreated  fruit  when  the  bag  was 
removed  at  maturity  and  the  fruit  exposed  to  sunlight.  Schrader  and 
Marth  (31)  found  that  a  single  layer  of  muslin  greatly  reduced  pigment 
formation  in  five  varieties  of  red  apples,  while  two  layers  almost  com- 
pletely prevented  pigment  formation.  The  transmission  of  the  cloth 
as  measured  with  a  Weston  photronic-cell  photometer  was  61.4  per  cent 
for  one  layer  and  39.2  per  cent  for  two  layers. 

Recent  studies  have  shown  that  red  pigment  may  be  developed  in 
certain  varieties  of  apples  after  these  have  been  detached  from  the  tree. 
Magness  (20)  found  that  Jonathan  apples  were  colored  by  exposures  of 
1  hr.  each  day  to  "dilute  ultra-violet  fight."  Greater  exposures  injured 
the  fruit.  He  also  observed  that  fruit  did  not  color  so  rapidly  when 
exposed  to  sunlight  through  window  glass  as  when  exposed  directly. 
Holding  the  fruit  in  storage  for  two  weeks  retarded  pigment  develop- 
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merit  when  subsequently  exposed  to  sunlight.  Pearce  and  Streeter  (27) 
studied  the  development  of  color  in  apples  under  various  filters  using 
sunlight  as  a  source.  They  found  that  the  region  between  X3600  and 
4500  A  was  effective  in  producing  color.     The  optimum  they  deter- 

o  

mined  at  or  near  X4100  A.  They  concluded  that  ordinary  glass  did  not 
inhibit  color  development  since  it  transmitted  this  region  well.  They 
found  that  apples  were  severely  injured  by  an  exposure  twice  daily  over 
a  nine-day  period  to  the  ultra-violet  emitted  by  a  mercury-vapor  lamp 
(Alpine  sun  lamp)  and  concluded  that,  contrary  to  Magness'  observa- 
tions, the  ultra-violet  did  not  induce  color  formation.  Arthur  (1) 
studied  the  development  of  pigment  in  Mcintosh  apples  under  various 
light  sources  and  at  various  temperatures.  Arc  lamps  and  a  special 
incandescent  filament  lamp  having  a  high  ultra-violet  output  were  found 
effective  in  developing  color  on  apples  when  these  were  held  at  an  air 
temperature  of  2°C.  After  a  continuous  exposure  to  any  of  these  light 
sources  for  a  five-day  period  the  fruits  developed  necrotic  areas  on  the 
side  exposed.  It  was  shown  that  this  injury  could  be  produced  by  infra- 
red alone.  This  has  been  discussed  in  greater  detail  in  another  section 
of  this  work  (Arthur,  Paper  XXV).  Using  glass  and  dyed  cellophane 
filters  the  most  effective  region  for  producing  pigment  was  found  to  be 
the  visible  blue-violet  and  the  ultra-violet  of  sunlight  which  is  not 
transmitted  by  ordinary  window  glass,  that  is,  the  region  between 
X3130  and  2900  A.  The  ultra-violet  of  wave-length  shorter  than  2900  A, 
emitted  by  a  mercury-vapor  arc  in  quartz,  injured  the  epidermal  cells  in 
a  30-min.  exposure  so  that  no  pigment  was  formed  when  exposed  subse- 
quently to  sunlight.  The  ideal  light  source  for  developing  color  on 
apples  was  found  to  be  one  which  had  considerable  energy  in  the  blue- 

o 

violet  and  ultra-violet  regions  to  the  limit  for  sunlight,  that  is,  to  X2900  A. 
Energy  in  the  red  and  infra-red  was  not  only  unnecessary  but  injurious 
to  the  fruit.  The  source  nearest  this  ideal  which  has  been  found  to 
date  is  the  50-in.  mercury-vapor  arc  in  Uviol  glass  placed  at  a  distance 
of  about  16  in.  from  the  fruit  and  u.sed  in  conjunction  with  a  Corex  D 
filter  to  decrease  the  ultra-violet  output  of  wave-length  shorter  than 
2900  A.  The  best  air  temperature  was  found  to  be  15°C.  Apples 
colored  at  a  much  slower  rate  or  not  at  all  at  3°C.  and  at  20°C.  When 
placed  under  the  lamp  in  the  manner  described,  the  internal  temperature 
of  the  apples  was  found  to  be  21°C.  Other  light  sources  having  a  greater 
output  of  energy  would  result  in  greater  internal  heating  and  would  no 
doubt  require  a  much  lower  air  temperature  for  the  maximimi  rate  of 
pigment  formation. 

The  rate  of  pigment  production  was  greatest  on  fruit  picked  green  on 
August  25.  This  fruit  was  well  colored  after  40  hr.  exposure.  The  rate 
of  color  production  fell  off  from  August  25  in  fruit  either  picked  or  loft 
upon  the  tree.     The  green  peel,  when  removed  from  apples  and  floated 
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upon  water  exposed  to  the  lamp,  colored  at  about  the  same  rate  as  when 
left  intact.  When  the  peel  was  heated  or  placed  in  alcohol  or  otherwise 
treated  so  as  to  kill  or  injure  the  cells,  no  color  developed.  It  was 
believed  that  fruit  did  not  color  after  a  period  in  storage  because  of  the 
death  of  the  cells  in  the  epidermal  layers,  since  most  of  these  cells  which 
normally  produce  pigment  were  found  dead  when  examined  on  November 
8,  after  a  period  in  cold  storage.  Both  plasmolysis  and  reaction  to  vital 
stains  were  used  to  determine  vitality.  The  extreme  ultra-violet  region 
beyond  the  limit  for  sunlight  has  been  shown  to  be  lethal  to  the  cells  of 
plant  leaves  by  Arthur  and  Newell  (2)  and  by  many  other  workers. 
The  intensity  of  this  action  increases  rapidly  with  decreasing  wave-length. 
The  failure  of  this  extreme  region  to  induce  pigment  formation  is  no 
doubt  due  to  the  injurious  effect  upon  the  cells. 

It  should  be  noted  that  the  pigment  formed  in  the  apple  is  extremely 
localized  and  restricted  to  only  those  cells  which  are  exposed  to  light. 
When  a  piece  of  clear  cellophane  is  shellacked  at  the  edges  and  stuck  to  a 
green  apple  placed  under  the  lamp,  any  mark  drawn  upon  the  cellophane 
with  India  ink  will  protect  those  cells  under  the  mark  from  pigment 
formation.  These  cells  so  protected  will  remain  green  while  the  red 
color  develops  over  the  remaining  unprotected  surface  exposed  to  the 
lamp.  This  principle  has  been  used  as  a  method  of  trade-marking  or 
labeling  apples,  Aubin  (4)  has  also  employed  it  in  printing  photographic 
negatives  on  apples,  using  sunlight  as  a  source.  A  preliminary  study  by 
Arthur  seems  to  indicate  that  not  all  red  pigments  produced  in  fruits 
remain  localized  in  the  cells  which  produce  them.  Green  cranberry  and 
Abundance  plum  fruits  were  found  to  produce  pigment  under  the  same 
conditions  as  the  apple  when  exposed  to  the  mercury- vapor  arc.  When 
narrow  strips  of  gummed  paper  labels  are  pasted  on  such  fruit  during 
the  exposure,  the  cells  mider  the  paper  slowly  take  on  a  faint  pink  color 
as  the  cells  around  the  label,  which  are  not  protected,  redden  to  the 
normal  color.  It  may  be  considered  in  this  case  that  there  was  a  diffusion 
of  pigment  from  the  cells  in  which  it  was  formed  into  neighboring  (non- 
illuminated)  cells  where  no  pigment  would  otherwise  form.  This 
apparent  migration,  as  has  been  pointed  out,  did  not  occur  in  the  apple. 
Red  pigment  also  formed  in  darkness  in  both  the  cranberry  and  Abun- 
dance plum  but  at  a  much  slower  rate  than  under  the  lamp.  This  was 
not  true  of  the  apple.  There  is  also  the  possibility  that  the  pigment 
itself  does  not  migrate  but  rather  that  a  reaction,  which  normally  pro- 
ceeds at  a  slow  rate  in  darkness,  is  accelerated  indirectly  by  the  action 
of  light  on  the  neighboring  cells.  Blinks  (6)  has  shown  that  a  migration 
of  pigment  takes  place  within  the  cell  during  the  flow  of  an  electric  current 
through  plant  tissue.  In  one  group  of  plants  the  pigment  migrated 
toward  the  positive  or  anode  pole  of  the  cell.  The  direction  he  found 
could  be  reversed  by  immersing  the  tissue  in  acid  solutions.     In  another 
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group  of  plants  he  found  a  normal  cathodal  migration  without  any  further 
treatment  of  the  tissue,  while  in  a  third  group  there  was  no  migration. 
While  the  work  of  Blinks  does  not  prove,  or  even  indicate,  that  there  is  a 
migration  of  pigment  from  cell  to  cell  it  demonstrates  that  pigments, 
under  certain  conditions,  can  be  moved  comparatively  rapidly  within 
the  cells. 

A  continued,  intensive  study  of  the  development  of  pigment  in  such 
isolated  plant  organs,  held  under  constant  environmental  conditions, 
offers  considerable  promise  of  a  very  rapid  advancement  of  our  knowledge 
on  the  formation  of  pigment  in  plants,  as  well  as  the  effect  of  external 
factors  on  such  formation.  This  has  been  pointed  out  before  by  Mirande 
(21)  in  a  discussion  of  his  work  with  the  scales  from  lily  bulbs,  but  so 
far  it  has  failed  to  stimulate  any  great  amount  of  work  in  the  field.  The 
problem  in  such  cases  is  reduced  to  its  simplest  form,  that  is,  production 
of  a  pigment  in  an  isolated  plant  organ  induced  by  light  and  other 
external  factors,  where  the  process  is  not  accompanied  by  the  photo- 
synthesis of  other  carbohydrate  materials. 

ABSORPTION  AND  TRANSMISSION  OF  ANTHOCYANIN  PIGMENTS 

There  is  general  agreement  among  various  investigators  that  the  blue- 
violet  and  often  the  ultra-violet  regions  of  sunlight  are  especially  effective 
in  anthocyanin  production.  It  is  also  interesting  to  recall  that  many 
of  the  anthocyanins  have  absorption  bands  in  these  general  regions. 
Schou  (30)  studied  the  absorption  bands  of  several  purified  antho- 
cyanidins,  the  colored  constituents  of  the  anthocyanin  molecules.  Many 
of  these  had  absorption  bands  in  the  ultra-violet  near  X2700  A.  The 
maximum-absorption  regions  for  one  of  these,  pelargonidin,  was  found 
to  be  at  the  following  wave-lengths:  2670,  3310,  4000,  4540,  and  5040  A. 
Most  of  the  other  anthocyanidins  studied  were  found  to  have  primary 
bands  near  wave-lengths  5000  to  5200  A.  Schou  observed  that  the 
position  of  the  OH  groups  caused  shifts  in  the  positions  of  the  bands. 
Murakami,  Robertson,  and  Robinson  (23)  found  the  region  of  absorption 
of  both  natural  and  synthetic  chrysanthemum  chlorides  to  be  between 
wave-lengths  4800  and  5700  A.  Arthur  (1)  observed  that  both  the  red 
peel  and  extracted  red  pigment  of  apples  had  an  absorption  band  in 
this  same  general  region.  The  green  peel  was  found  to  have  a  transmis- 
sion five  to  seven  times  as  great  as  the  red  peel  in  both  the  ultra-violet 
and  visible  regions.  The  formation  of  the  pigment  in  the  epidermis 
acts,  therefore,  as  a  protective  covering  as  regards  the  penetration  of 
light  into  deeper  layers  of  cells. 

CONCLUSION 

It  should  be  stated  that  the  exact  mechanism  of  anthocyanin  forma- 
tion in  living  cells  brought  about  by  light,  low  temperature,  and  other 
factors,  yet  remains  unknown.     Even  the  effect  of  these  factors  on  the 
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formation  of  pigment  is  in  many  cases  not  clearly  understood.  In  some 
isolated  plant  organs  such  as  the  apple  and  lily-bulb  scales  the  formation 
of  pigment  has  been  shown  to  depend  upon  light  of  a  certain  quality. 
In  the  ]\IcIntosh  apple  this  formation  is  further  known  to  depend  upon  a 
low  temperature.  From  recent  contributions  to  our  knowledge  of  the 
constitution  and  synthesis  of  anthocyanin  pigments,  it  is  evident  that 
these  are  a  series  of  compounds  and  not  a  single  substance.  It  is,  there- 
fore, unlikely  that  the  same  spectral  regions  will  be  found  effective  in  this 
formation  among  different  plant  species.  It  is  certain  that  the  same 
external  conditions  do  not  induce  pigment  formation  in  all  species,  as 
some  tissues  form  pigment  in  darkness,  others  only  in  light,  while  still 
other  tissues  never  form  pigment  under  any  conditions.  No  generaliza- 
tion can  be  made  that  the  formation  of  pigment  in  plants  is  related  to  the 
accumulation  of  carbohydrates  in  tissues.  While  such  an  accumulation 
may  be  associated  with  pigment  production  in  a  few  cases,  there  is  no 
evidence  to  show  that  this  is  invariably  the  case  or  even  generally  true. 
It  is  believed  that  more  progress  wall  be  made  in  studies  under  carefully 
controlled  environmental  conditions  of  either  whole  plants  or  separate 
living  organs  from  plants  which  form  pigment. 
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Quantitative  investigations  on  the  influence  of  radiation  on  bacteria 
are  relatively  recent,  though  it  would  probably  be  unfortunate  to  name  a 
paper  or  date  that  might  be  regarded  as  a  starting  point  for  this  type  of 
study.  This  difficulty  is  causally  related  to  the  fact  that  acceptable 
accuracy  in  such  studies  involves  so  many  factors  of  both  biological  and 
physicochemical  nature  that  no  one  investigator  could  at  once  rise  above 
the  imperfections  of  technique  as  pertaining  broadly  to  material,  environ- 
ment, or  apparatus  and  thus  be  placed  beyond  criticism  in  the  light  of 
later  developments.  The  history  of  this  field  of  work  is,  therefore, 
not  unlike  that  of  many  other  fields  in  the  fact  that  development  has 
been  largely  gradual,  dependent  upon  advances  in  the  basic  sciences 
and  upon  increasing  knowledge  of  the  behavior  of  organisms.  At  the 
outset,  however,  recognition  should  be  accorded  the  growing  importance 
of  microorganisms,  especially  bacteria,  as  objects  of  study  in  fundamental 
investigations  in  which  ordinarily  control  of  environment,  purification 
of  the  material,  purity  of  stock,  magnitude  of  population,  practical 
limitations  in  size  and  cost  of  apparatus,  and  comparative  ease  in  securing 
results  statistically  accurate  are  all  among  the  essential  factors. 

Observations  on  bacterial  response  to  radiation  extend  back  to  1877. 
It  would  seem  to  be  of  interest  and  of  importance  to  refer  to  some  of  the 
developments  resulting  from  the  earlier  studies  as  well  as  from  the  later, 
but  the  extent  of  the  literature  renders  a  complete  account  impracticable. 
An  overwhelming  majority  of  the  papers  deals  with  the  bactericidal  or 
lethal  effects.  However,  the  bacteria  also  lend  themselves  for  experi- 
mental work  on  the  influence  of  radiation  on  "stimulation,"  respiration, 
products  of  metabolism,  and  many  other  physiological  processes.  Prac- 
tical lines  of  work  have  developed  in  the  direction  of  sanitation  and 
disinfection  or  sterilization.  Available  review  articles  on  the  effects  of 
radiation  on  bacteria  are  of  limited  scope.  Among  the  helpful  sum- 
maries are  the  following:  Bie  (16),  Busck  (24),  Duclaux  (41),  Ehrismann 
and   Noethling    (45),    Furniss    (52),    Hausmann    (72),    Janowski    (81), 
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Laurens  (95),  Pincussen  (120),  Raiim  (126),  Reichel  (127),  Weinstein 
(157),  Wiesner  (160),  and  Winterstein  (162). 

SUNLIGHT 

It  is  generally  granted  that  the  observations  of  Downes  and  Blount 
(35),  published  in  1877,  constitute  the  real  "discovery"  of  the  killing 
action  of  light  on  bacteria  and  other  microorganisms,  thus  drawing  the 
attention  of  biologists  to  the  significance  of  the  chemically  active  spectral 
radiation.  They  showed  primarily  that  certain  organic  products  in 
solution,  undergoing  decomposition  and  decay  by  the  action  of  a  mixture 
of  bacteria,  would  be  inhibited  in  this  decomposition  by  long  exposure 
to  direct  sunlight.  Fresh  extracts  thus  exposed  were  largely  prevented 
from  the  usual  course  of  decomposition.  They  recognized  the  importance 
of  determining  the  regions  of  the  spectrum  involved  and  the  need  of 
intensive  study  of  this  effect.  There  followed  almost  immediately 
numerous  qualitative  observations  of  interest,  mostly  with  liquid  cul- 
tures, all  serving  to  indicate  that  the  lethal  effects  of  sunlight  were  not 
limited  to  a  few  sensitive  organisms,  and  that  there  was  a  definite  need 
of  recognizing  in  sunlight  a  "new"  factor  in  the  environment  of  micro- 
organisms. The  sanitation  aspect  and  the  "natural  purification"  of  the 
water  of  rivers  were  practical  applications  stimulating  investigation. 

Leading  students  of  bacteriology  took  the  time  to  invade  this  field  of 
observation,  bringing  to  bear  upon  it  improved  bacteriological  technique. 
In  several  short  papers  Duclaux  (39,  41)  reported  killing  effects  even 
upon  spores  (cf.,  also,  Straus,  145),  and  he  observed  some  diversity  in 
the  resistance  to  light  of  the  several  organisms  studied.  From  a  practical 
standpoint  he  regarded  light  as  a  universal  disinfectant.  The  work  of 
Arloing  (4,  5)  on  the  anthrax  bacillus  was  confirmatory  of  the  earlier 
studies,  and  he  was  particularly  struck  by  the  fact  that  anthrax  spores, 
known  to  be  highly  resistant  to  high  temperature,  are  easily  destroyed  by 
sunlight  as  well  as  by  light  from  certain  artificial  sources.  He  ascribed 
bactericidal  action  to  the  entire  sun  spectrum.  Roux  (133)  concluded 
that  oxygen  might  be  a  factor  in  the  lethal  action  of  sunlight,  a  considera- 
tion frequently  revived  in  some  of  the  later  work.  Tizzoni  and  Cattani 
(149)  demonstrated  the  lethal  effect  of  sunlight  on  the  vegetative  cells 
and  spores  of  the  tetanus  bacillus. 

Since  many  of  the  experiments  made  at  this  time  were  on  animal  or 
human  parasitic  organisms,  and  since  all  such  organisms  were  found 
sensitive  to  light,  overemphasis  was  placed  on  the  idea  that  parasitic 
organisms  exhibited  a  unique  relation  to  this  factor  of  the  environment. 
Extravagant  claims  were  made  regarding  the  disinfecting  value  of  even 
diffuse  light  of  low  intensity,  and  such  extreme  views  were  not  overcome 
for  a  period  of  years.  On  the  other  hand,  some  very  careful  experimental 
work  was  done,  and  in  this  connection  reference  should  be  made  to  a 
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series  of  papers  by  Ward  (155,  156)  beginning  in  1892.  At  this  time 
there  was  very  httle  careful  work  on  the  efficiency  of  the  different  spectral 
regions  (cf.  Arloing,  4,  5;  Janowski,  81;  and  others).  Ward's  studies 
eventually  included  the  effects  of  radiation  from  the  carbon  arc,  but 
his  earlier  experiments  were  made  with  sunlight  and  the  solar  spectrum. 
Having  obtained  what  seemed  convincing  evidence,  on  plate  cultures 
with  gelatin,  that  the  spores  of  Bacillus  anthracis  are  killed  by  the  direct 
action  of  sunlight  and  not  by  increased  temperature,  likewise  that  a 
reasonable  time  exposure  did  not  spoil  the  substrate  as  a  food  source, 
he  proceeded  to  do  more  critical  work  on  light  quality.  Using  both 
glass  and  solution  filters,  spectroscopically  tested,  he  found  no  inhibition 
of  growth  behind  screens  transmitting  red,  orange,  and  yellow.  Bacteri- 
cidal action  was  marked  behind  screens  transmitting  most  or  all  of  the 
blue-violet,  whether  other  wave-lengths  were  present  or  were  excluded. 
In  view  of  the  doubt  still  existing  in  respect  to  lethal  action  of  ultra- 
violet radiation  longer  than  about  X3100  A,  it  should  be  noted  that  with 
his  unmeasured  intensities  lethal  action  through  the  ordinary  glass  of  a 
Petri  plate  was  definite  in  the  blue,  blue-violet,  and  beyond.  Even 
though  the  intensities  in  these  ranges  may  have  been  considerable,  the 
results  are  not  easily  explained. 

Ward's  best  technique,  like  that  of  Buchner  (20),  was  to  distribute 
the  bacteria  in  the  melted  agar,  pour  the  plate,  and  subsequently  expose 
the  closed  dish  covered  with  black  paper  except  for  a  test  circle  or 
stenciled  letter.  Colony  growth  served  to  indicate  the  extent  of  the 
lethal  effect.  In  his  later  experiments  quartz  windows  were  introduced, 
the  spectrum  was  "photographed"  on  the  plate  through  the  relative 
abundance  of  the  colonies  appearing,  and  with  an  uncovered  electric 
arc  light  the  ultra-violet  region  was  found  particularly  effective  as  a 
lethal  agent. 

During  the  earlier  periods  of  these  sunlight  studies,  as  also  of  light 
from  artificial  sources,  no  attention  was  paid  to  the  measurement  of 
light  intensities.  In  view  of  this  circumstance,  and  further,  since  so 
many  well  known  factors  involving  time,  place,  climate,  and  local 
atmospheric  conditions  influence  intensity  (cf.  Brackett,  Paper  IV  of 
this  book),  no  particular  interest  attaches  to  the  details  of  these  earlier 
or  of  later  qualitative  experiments  aside  from  the  part  they  have  played 
in  the  development  of  this  subject, 

ULTRA-VIOLET 

Earlier  Studies. — Notable  impetus  was  given  to  heliotherapy  and  to 
investigations  dealing  with  the  effects  of  radiation,  especially  of  ultra- 
violet, by  the  establishment  at  Copenhagen  in  1896  of  the  Finsen  Institute 
(Finsens  Medicinske  Lysinstitut).  The  establishment  of  this  institute 
is  to  be  attributed  to  the  recognition  of  the  work  of  Niels  R.  Finsen  in 
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the  application  of  light  to  the  treatment  of  disease.  As  previously  indi- 
cated, even  prior  to  the  time  when  definite  wave-lengths  of  light  were 
isolated  for  the  purpose  of  determining  accurately  their  biological  effects, 
it  had  become  apparent  that  ultra-violet  was  an  important  factor  if  not 
a  chief  factor,  in  the  reported  lethal  effects  of  sunlight,  and  of  light  from 
artificial  sources  as  well,  on  microorganisms.  Arsonval  (6),  Ward 
(155,  156),  and  others  eventually  arrived  at  this  conclusion  during  the 
progress  of  their  work.  Strebel  (146)  isolated  regions  of  the  spectrum, 
using  cadmium  and  aluminum  spark  sources,  and  showed  that  strong 
killing  action  for  bacteria  was  confined  to  the  ultra-violet.  The  region 
of  lethal  action,  so  far  as  studied,  was  determined  by  Barnard  and 
Morgan  (9)  to  lie  between  X3287  and  2265  A.  Although,  in  the  literature, 
the  lower  wave-length  limit  of  bactericidal  action  may  be  thus  definitely 
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stated,  little  consideration  should  be  given  to  this  below  2400  or  2300  A 
in  the  absence  of  intensity  measurements,  owing  to  the  increasing  absorp- 
tion in  the  instrument,  apparatus,  and  materials. 

As  a  result  of  his  earlier  investigations,  Bie  (16)  had  regarded  all 
wave-lengths  (infra-red  effects  were  not  studied)  as  inactivating,  but 
shorter  wave-lengths  were  more  effective.  Subsequently  he  computed 
the  lethal  effects  of  X2950  to  2000  A  to  be  at  least  10  or  12  times  more 
effective  than  the  longer  wave-lengths  tested,  and  he  may  be  regarded  as 
having  clearly  established  the  dominant  action  of  ultra-violet.  These 
results  were  obtained  with  a  carbon  arc,  a  quartz  monochromator,  and 
the  bacteria  exposed  in  a  small  moist  chamber  covered  with  a  quartz 
window.  At  about  the  same  time,  Bang  (8),  working  with  B.  prodigiosus, 
reported  that  in  the  ultra-violet  there  exist  two  bactericidal  maxima; 
first  in  the  region  of  X3600  to  3400  A  and  then  a  second  maximum  rising 
sharply  at  about  3000  A  to  a  higher  value  and  continuing  horizontally 
toward  2000  A.  Later  (86)  he  placed  the  highest  lethal  action,  for 
wave-lengths  shorter  than  3000  A,  at  around  X2500  A.  An  explanation 
of  his  results  in  the  region  of  the  longer  ultra-violet  remains  unconfirmed. 
The  maximum  at  2500  A  has  been  regarded  (Mme.  and  M.  Henri,  73) 
as  indicating  greater  intensity  in  that  part  of  the  ultra-violet. 

The  determination  of  incident  energies  in  the  different  spectral  regions 
as  applied  to  biological  studies  was  the  advance  made  by  Hertel  (75). 
With  a  quartz  prism  and  quartz  lenses  he  utilized  the  spectrum  from 
spark  gaps  of  several  metals.  Intensity  measurements  were  made  with  a 
thermopile  and  galvanometer.  His  results  were  definite  in  determining 
that  bactericidal  action  was  directly  related  to  energy  furnished  and 
absorbed,  and  within  limits  inversely  related  to  wave-length.  However, 
he  gives  data  for  only  six  spectral  lines,  between  X4400  and  2100  A.  It 
seems  rather  remarkable  that  following  this  work  there  appear  to  be  no 
other  studies  on  bacteria  in  which  intensities  were  measured  for  a  period 
of  years. 
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Thiele  and  Wolf  (148)  used  cooled  bouillon  suspensions  of  several 
species  of  bacteria  for  irradiation,  and  they  also  stirred  the  suspension 
during  irradiation.  None  of  the  organisms  tested  was  resistant  to 
ultra-violet  below  3000  A.  Newcomer  (108),  using  a  fresh-water  suspen- 
sion of  the  typhoid  bacillus  and  working  under  conditions  essentially 
quantitative,  found  practically  zero  efficiency  of  radiation  at  2970  A, 
while  the  maximum  effect  occurred  at  X2800  to  2100  A.  Henri  and 
Moycho  (74)  found  the  most  effective  region  for  bactericidal  action  to 
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be  around  2800  A,  and  they  indicated  the  amount  of  energy  required 
to  kill  at  0.002  X  10^  erg/cm^.  Irradiation  for  even  10  hr.  at  3300  A 
produced  no  effect.  General  confirmation  of  the  restricted  effective 
region  may  be  seen  in  the  work  of  Eidinow  (46,  47)  and  many  others. 
In  order  to  obviate  the  possibility  that  the  irradiation  of  the  organic 
medium  might  indirectly  affect  the  results,  Newcomer  (108)  used  fresh- 
water suspensions  of  typhoid  bacilli  in  capillary  quartz  tubes  held  in  the 
spectrum  of  a  quartz  spectrograph.  With  sparks  of  several  metals  as 
sources  of  radiation,  no  killing  was  obtained  for  wave-lengths  longer  than 
3000  A. 

Improving  somewhat  upon  an  earlier  (Ward,  155)  method  of  deter- 
mining lethal  effects  by  throwing  the  spectrum  of  the  source  on  an  agar 
plate  sown  to  bacteria.  Browning  and  Russ  (19)  exposed  the  agar  plate 
painted  with  bacteria  (following  Bang,  8)  in  a  holder  in  a  quartz  spectro- 
graph. No  attempt  was  made  to  determine  intensities.  Clear  lines, 
coinciding  with  the  emission  lines,  were  found  on  the  plate  between 
X2940  ^and  2380  A.  Accordingly,  they  placed  the  effective  region  below 
3000  A.  Independent  work  along  similar  lines  was  done  by  Mashimo 
(100),  who  used  the  spectrum  of  the  iron  spark  and  tested  the  response 
of  seven  species  of  bacteria.  He  also  made  no  intensity  measurements, 
and,  accordingly,  the  data  reflect  both  the  intensity  distribution  of  the 
source  and  the  sensitivity  to  wave-length.  The  data  are,  however, 
consistent  in  showing  the  effective  wave-lengths  as  beginning  at  about 
2950  A  and  extending,  in  some  cases,  toward  the  beginning  of  atmospheric 
absorption,  i.e.,  somewhat  below  1900  A.  There  was  high  efficiency  in 
the  general  region  ca.  2300  to  2750  A. 

Mme.  Henri  (73),  working  with  a  filter  system,  reported  that  ultra- 
violet efficiency  increases  down  to  2144  A,  and  as  a  result  of  further  work 
it  was  concluded  that  the  abiotic  action  is  continually  augmented  as  wave- 
length diminishes. 

Careful  work  on  wave-length  limits  for  lethal  action  was  done  by 
Bayne-Jones  and  Van  der  Lingen  (10),  who  worked  with  Staphylococcus 
aureus,  S.  albus,  and  B.  coli.  The  bacteria  were  distributed  on  the 
surface  of  agar  spread  upon  glass  plates  fitting  the  plate  holder  of  a 
Hilger  spectrograph,  and  thus  exposed  to  the  spectrum.  Spark  sources 
of  radiation  with  various  metals  as  terminals  were  employed,  and,  accord- 
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ingly,  the  incident  light  intensities  in  the  regions  of  the  spectrum  on 
the  plate  were  different.  With  incubation  of  the  plates,  the  extent  of 
colony  development  gave  a  picture  of  the  influence  of  the  various  wave- 
lengths.    Under  such   conditions   killing   occurred   in  the   ultra-violet, 
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but  X2960  A  was  the  longest  wave-length  lethal  for  these  organisms, 
and  even  at  that  wave-length  an  exposure  of  1  hr.  or  more  was  required. 
Questioning  this  wave-length  limit,  they  proceeded  to  use  sunlight  as  a 
direct  source,  merely  interposing  glass  screens  of  determined  absorption 
(using  a  Watkins  actinometer)  between  the  incident  light  and  the  expo- 
sure  vessel.  With  such  an  arrangement  it  was  clear  that  at  3500  A 
killing  occurred  in  3  hr.,  whereas  with  a  blue  filter  transmitting  X5200  to 

o 

3600  A,  no  killing  occurred  in  6  hr. 

Recent  Work. — A  very  careful  radiometric  study  of  the  effects  of 
ultra-violet  on  B.  coli  was  made  by  Coblentz  and  Fulton  (29).  They 
used  a  quartz-mercury-vapor  lamp.  The  several  broad  wave-length 
regions  investigated  were  defined  by  means  of  glass  screens  of  differing 
transmission  qualities  and  by  mica  screens  of  different  thicknesses. 
Absolute  intensity  values  were  obtained  by  the  use  of  a  thermopile  and 
galvanometer,  exposure  to  the  radiation  source,  and  reference  to  a 
standard  of  radiation  affording  a  basis  of  computation  of  the  experimental 
intensities.  Their  work  was  facilitated  by  the  use  of  the  mica  screens 
referred  to,  having  an  absorption  band  with  a  maximum  at  2600  A, 
so  that  variations  in  transmission  were  obtained  with  the  different 
thicknesses. 

From  their  data  it  appeared  that  the  effective  spectral  range  varied 

o 

from  about  3650  A  to  the  shortest  used,  i.e.,  in  the  range  of  the  Schumann 
region,  and  it  was  concluded  that  the  shortest  wave-lengths  have  the 
most  violent  lethal  action.  In  the  limiting  region  of  longer  ultra-violet, 
killing  occurred  under  effective  screens  when  the  intensities  were  adequate, 
and  they  believed  that  this  intensity  explains  the  bactericidal  action  of 

o 

sunlight.  With  this  source,  wave-lengths  less  than  2800  A  are  estimated 
to  be  at  least  10  times  more  rapid  in  killing  action  than  wave-lengths 

o 

greater  than  3050  A,  in  spite  of  the  intensity  differences  in  favor  of  the 
latter.  It  appeared  also  from  their  results  that  continuous  and  inter- 
mittent exposures  were  equally  effective,  so  that  intermittent  irradiation 
of  the  organism  does  not  induce  a  latent  effect,  during  the  intervals  of 
rest,  "either  in  stimulating  growth  or  in  continuing  the  lethal  action." 
At  low  intensities  killing  action  is  greatly  retarded  relatively,  i.e.,  at  7/50 
the  killing  ratio  of  the  standard  to  low  intensity  is  50:70  to  50:80.  The 
energy  value  of  the  most  active  germicidal  radiation  from  the  mercury 
arc  is  defined  as  follows:  "Assuming  that  all  the  radiation  wave-lengths 
170  van  to  280  m/i  are  intercepted,  conserved,  and  utilized  in  lethal  action, 
then  the  total  energy  required  to  kill  a  bacterium  amounts  to  ...  19  X 
10-'2  watt  or  4.5  X  10-'^  gm.  cal." 
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The  contribution  made  by  Gates  (59)  to  the  effects  of  monochromatic 
radiation  on  bacteria  involved  nothing  new  in  the  way  of  apparatus  or 
procedure,  but  rather  a  selection  of  efficient  and  practicable  methods  by 
means  of  which  consistent  quantitative  results  were  obtained.  A  large 
quartz-monochromator  and  quartz-lens  system  was  used  for  the  separa- 
tion and  focusing  of  the  specific  wave-lengths  required,  a  thermopile  and 
galvanometer  for  energy  measurement,  and  a  quartz-mercury-vapor 
lamp  as  a  source  of  radiation.  The  work  was  done  primarily  with 
Staphylococcus  aureus,  the  bacteria  for  exposure  being  washed  over  a 
hardened  agar  surface;  and  after  exposure  the  surface  was  covered  with 
a  thin  layer  of  agar,  with  the 
idea  of  reducing  colony  spread 
and  promoting  accuracy  of 
colony  counting. 

The  wave-lengths  chosen 
were  wholly  in  the  ultra- 
violet, chiefly  2378  to  3126  A. 
At  all  wave-lengths  studied 
the  reactions  of  this  organism 
followed  essentially  similar 
curves,  each  at  a  different 
energy    level.     At    X2600    to 

o 

2700  A  the  incident  energy 
(see  Fig.  1)  required  to  kill  is 
less  than  in  any  other  region 
of  the  spectrum  examined. 
The  data  suggest  a  second  maximum  effect  below  X2300  A.  Using  50 
per  cent  survival  as^a  basis,  the  amount  of  energy  required  to  kill  was  88 
erg/mm. 2^at  2675  A,  3150  erg/mm. ^  at  3020  A,  and  25,000  erg/mm. ^ 
at  3126  A.  The  curves  exhibiting  the  reactions  of  S.  aureus  show  a 
general  similarity  to  those  for  monomolecular  reactions,  but  with  some 
evidence  of  the  effect  of  age  and  metabolic  activity  on  the  form  of  the 
curve,  the  author  concludes  that  "the  typical  curve  seems  to  be  best 
interpreted  as  one  of  probability." 

A  well-rounded  discussion  of  the  lethal  action  of  ultra-violet  on 
bacteria  has  been  presented  by  Ehrismann  and  Noethling  (45),  but  it  is 
not  possible  to  compare  very  accurately  the  values  obtained  by  these 
authors  with  those  of  Gates  (59),  since  the  former  authors  give  the  lethal 
effects  only  in  terms  of  1  to  10  per  cent  and  90  to  100  per  cent  kiUing, 
respectively.  The  procedure  employed  seems  to  have  been  the  best 
available,  and  the  techniques  have  been  well  chosen.  The  apparatus 
set-up  included  a  double  monochromator  with  quartz  optics,  a  K  photo- 
cell, and  a  bolometer.  The  agar-plate,  surface-exposure  method  was 
employed  in  some  phases  of  the  work.     The  authors  used  one  species 
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Fig.  1. — A,  curve  of  incident  energies  involved 
in  the  destruction  of  50  per  cent  of  B.  coli;  B,  curve 
of  the  reciprocals  of  A.      {From  Gates,  60.) 
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of  yeast  and  the  following  bacteria:  B.  coli,  B.  prodigiosus,  B.  pyocyaneus, 
Micrococcus  candicans,  Staphylococcus  pyogenes  aureus,  and  Vibrio 
Finkler.     The  highest  sensitivity  for  five  of  the  organisms  occurred  at 

o  o 

approximately  X2650  A,  while  for  B.  coli  the  maximum  was  at  X2510  A, 

o 

and  for  B.  prodigiosus,  X2801  A.  For  the  six  bacteria  the  energy  required 
for  1  to  10  per  cent  kilhng  at  X2650  A  ranged  from  2900  to  5970  erg/cm.  ^ 
(or  29  to  60  erg/mm.^),  whereas  Gates  obtained  for  Staphylococcus  aureus 
ca.  88  erg/mm.  2  for  50  per  cent  survival,  which  is  to  be  contrasted  with 
Wyckoff's  (166)  values  of  110  erg/mm.  ^  for  Staphylococcus  aureus  at  2d96  A. 
The  value  obtained  by  Ehrismann  and  Noethling  at  90  to  100  per  cent 
killing  for  B.  coli  is  174  erg/mm.^  It  is  further  interesting  to  note  that 
at  X3130  A,  Ehrismann  and  Noethling  find  that  1  to  10  per  cent  killing 
does  not  occur  with  an  energy  value  of  3.7  X  10^  erg/cm. 2,  while  at 
X3030  A  the  value  for  B.  coli  is  590,000  erg/cm.  2,  or  5900  erg/mm.  2 
This  last  value  may  be  compared  again  with  the  result  obtained  by 
Wyckoff  at  3132  A  where  5200  erg/mm.^  represents  energy  requirement 
for  50  per  cent  killing. 

The  experiments  of  Wyckoff  (166)  add  some  quantitative  data  for 
B.  coli  and  a  few  measurements  for  B.  -aertrycke.  The  survival  ratios 
are  presented  for  wave-lengths  3132,  2900,  2803,  2699,  2652,  and  2536  A, 
and  these  can  be  represented  by  straight  lines  plotted  on  semilogarithmic 
paper.  The  effective  energies  are  given  as  those  required  to  kill  approxi- 
mately one-half  the  bacteria  irradiated.  The  energies  involved  in 
bactericidal  action  were  determined  for  each  wave-length.  Using  the 
absorption  data  of  Gates,  he  found  the  highest  efficiency  in  the  ultra- 
violet at  X2652  A.  Comparing  the  results  obtained  in  the  ultra-violet 
with  his  earlier  series  on  X-rays,  later  cited,  Wyckoff  shows  that  the 
energy  required  for  killing  in  the  ultra-violet  is  about  100  times  greater 
than  that  required  for  the  same  killing  in  the  X-ray  region.  Wyckoff's 
analysis  of  the  data  for  X2699  A  indicates  that  of  the  quanta  absorbed, 
only  one  in  about  four  million  is  capable  of  causing  the  death  of  the  cell, 
and  this  might  be  supposed  to  occur  within  a  sensitive  volume  about  the 
size  of  a  protein  molecule  (see  section  of  this  paper  on  X-rays).  Unfortu- 
nately, it  would  seem,  the  author  disregards  the  importance  of  effects 
which  do  not  result  in  killing. 

The  use  of  ultra-violet  radiation  for  the  elimination  of  bacteria  in 
drinking  water  has  received  considerable  attention  on  the  part  of  those 
concerned  with  the  water  supplies  of  cities,  but  apparently  the  adoption 
of  this  as  a  practical  procedure  has  been  limited  to  a  few  French  cities. 
On  the  side  of  the  more  fundamental  studies,  as  well  as  on  that  of  the 
applications,  there  is  an  extensive  literature  (  cf.  Schwarz  and  Aumann, 
138;  Schroeter,  137,  and  others).  More  general  use  has  been  made  of 
ultra-violet  in  the  partial  sterilization  of  water  of  swimming  pools. 
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VISIBLE  LIGHT 

From  the  discussion  thus  far,  it  would  no  doubt  be  confusing  to 
attempt  to  draw  any  general  conclusion  regarding  the  effect  on  bacteria 
of  light  within  the  visible  spectrum.  Speaking  generally,  most  of  the 
earlier  observers,  using  sunlight  and  filter  systems,  were  confident  of  the 
demonstration  of  lethal  action  (4,  5,  16,  155).  With  the  utilization  of 
artificial  sources  of  radiation  and  the  greater  application  in  biological 
work  of  the  quartz  spectrograph  and  quartz  monochromator,  attention 
centered  upon  the  more  intensive  lethal  effects  in  the  ultra-violet.  In 
fact,  with  the  safer  establishment  of  the  rule  of  the  inverse  relation  of 
kilhng  to  wave-length,  within  limits,  and  with  the  difficulty  of  obtaining 
sufficiently  high  intensities  at  the  longer  wave-lengths  in  time  intervals 
sufficiently  short  to  avoid  multiplication  by  growth,  the  quantitative 
studies  have  given  only  secondary  attention  to  the  visible  region,  or  even 
to  the  longer  ultra-violet.  Moreover,  with  very  high  energy  levels,  an 
insignificant  percentage  of  ultra-violet  below  X3000  A  might  afford  the 
necessary  intensity  in  the  more  actively  lethal  region  to  account  for  any 
effects  observed.  Increased  purity,  by  means  of  a  double  monochromator, 
is  secured  at  the  expense  of  intensity.  In  considering  the  earlier  work, 
where  relatively  intense  sunlight  was  employed,  the  more  recent  data 
with  artificial  sources  presented  by  Bayne- Jones  and  Van  der  Lingen  (10), 
Coblentz  and  Fulton  (29),  and  Duggar  and  Hollaender  (42)  are  suggestive 
of  the  possibiHty  that  further  quantitative  studies  in  the  visible  spectrum 
may  give  evidence  of  lethal  effects,  or  at  least  of  other  physiological  effects 
of  fundamental  interest.  In  this  connection  it  should  be  noted  that 
absorption  of  radiation  in  the  visible  does  occur  (see  section  of  this  paper 
on  absorption).  Further,  in  studies  on  the  effects  of  visible  light,  there 
should  be  included  an  adequate  consideration  of  the  possible  influence 
of  oxygen,  high  temperature,  and  other  environmental  conditions. 

INFLUENCE   OF   CONDITIONS   ON   THE  EFFECTIVENESS   OF  RADIATION 

Temperature. — That  bactericidal  effects  are  independent  of  tempera- 
ture was  reported  by  Cernovodeanu  and  Henri  (25),  but  it  is  not  clear 
that  their  technique  would  have  detected  differences  of  the  order  charac- 
teristic of  photochemical  or  physical  processes.  In  the  light  of  the  fact 
just  mentioned,  Henri's  conclusion  that  no  change  occurred  in  the  speed 
of  reaction  between  0°  and  55°C.  should  be  regarded  as  tentative.  On 
the  other  hand,  Becquerel  (12)  reported  bactericidal  action  with  anthrax 
spores  in  2  to  3  min.  at  room  temperature,  whereas  at  the  temperature  of 
Uquid  air  an  exposure  of  6  hr.  was  required  for  equivalent  action.  Unfor- 
tunately, the  conditions  do  not  appear  to  be  adequately  stated.  The 
suggestion  may  be  made,  however,  that  at  temperatures  below  freezing, 
it  is  logical  to  assume  dehydration  of  the  protoplast,  and  since  low  water 
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content  affects  the  resistance  of  many  organisms  to  temperature,  it  may 
also  affect  the  resistance  to  radiation. 

Bang  (8)  found  that  bacteria  which  are  killed  at  an  average  of  30  sec. 
at  45°C.  require  an  average  of  50  sec.  when  the  temperature  is  reduced  to 
30°C.  Many  other  data  are  included,  the  absolute  values  of  which  do 
not  necessarily  agree  with  the  above,  but  the  relation  of  the  higher  to  the 
lower  temperature  is  of  about  the  order  indicated.  Thiele  and  Wolf 
(148)  reported  no  killing  effect  on  B.  coli  when  the  light  from  a  carbon 
arc  was  screened  by  glass  and  when  the  culture  was  cooled  during  expos- 
ure. However,  when  the  temperature  was  raised  to  40°C.  a  similar 
exposure  resulted  in  killing.  They  assumed  a  significant  influence  of 
temperature  within  the  range  of  visible  light.  Wiesner  (160)  also 
regarded  high  temperature  as  important  in  extending  bactericidal  action 
to  longer  wave-lengths.  The  work  of  Hill  and  Eidinow  (76)  afford 
results  that  are  quite  discordant.  Using  both  the  carbon  arc  and  the 
mercury- vapor  lamp  as  sources  of  radiation,  they  report  that  at  constant 
distance  the  lethal  time  is  inversely  proportional  to  the  temperature, 
arriving  at  the  formula  T  X  -y/i  =  K,  where  T  =  temperature  in  °C., 
and  t  =  time  in  minutes.  Both  excessive  heat  and  excessive  cold  lowered 
resistance  to  ultra-violet. 

Using  an  agar  film  with  the  medium  at  pH  7.4,  and  with  the  spectro- 
graphic  method  of  exposure  (p.  1123),  Bayne-Jones  and  Van  der  Lingen 
(10)  were  able  to  demonstrate  that  while  bactericidal  action  is  not  wholly 
independent  of  temperature,  the  temperature  coefficient  of  this  reaction 
is  very  low.  For  the  temperature  range  2  to  12°  and  30  to  40°C.  the 
temperature  coefficients  (Qio)  were  respectively  1.06  and  1.04,  for  com- 
plete killing.  Likewise,  for  100  per  cent  killing  Gates  (59)  confirms  the 
validity  of  the  result  just  stated,  finding  a  temperature  coefficient  of 
1.06.  At  progressively  lower  survival  percentages  he  finds  a  slight 
increase  in  this  coefficient,  the  average  for  the  course  of  the  reaction 
being  approximately  1.1.  It  would  appear  that  the  influence  of  a 
certain  range  of  temperature  on  the  effects  of  ultra-violet  radiation  may 
agree  well  with  the  expectation  on  the  basis  of  a  simple  photochemical 
reaction,  but  there  is  the  further  suggestion  that  possibly  complications 
enter  the  picture  when  considering  visible  light.  Data  on  the  influence 
of  very  low  temperatures  seem  insufficient  to  warrant  consideration  at 
present. 

Hydrogen  Ion  Concentration. — Tests  were  apparently  first  made  by 
Bayne-Jones  and  Van  der  Lingen  (10)  to  determine  the  possibility  of 
altering  either  the  velocity  of  the  bactericidal  effect  or  the  wave-length 
limits  by  means  of  a  graded  series  of  reactions.  Exposed  by  the  agar- 
plate  method  in  a  spectrograph  to  radiation  from  the  iron  arc,  it  was 
found  that  the  killing  effect  remained  constant  with  respect  to  wave- 
length limits  throughout  the  following  range,  pH  5.5,  6,  7.4,  and  8.     In 
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order  to  tost  the  effect  upon  reaction  velocity,  suspensions  of  the  bacteria 
{Staphylococcus  aureus)  were  prepared  in  phosphate  buffers  over  the  range 
pH  2  to  9.  Drops  of  the  suspension  on  cover  glasses  were  exposed  at 
25°C.  to  the  zinc  spark  for  measured  periods  of  time  and  subsequently- 
transferred  to  nutrient  broth.  Very  slight  change  occurred  in  the  time 
required  to  kill  between  pH  4.6  and  9.  Below  pH  4.6,  the  isoelectric 
point  of  the  bacteria,  the  time  to  kill  drops  off  suddenly,  so  that  accelera- 
tion of  the  killing  action  is  marked  in  the  more  acid  media.  This  is 
interpreted  to  indicate  that  "the  nature  of  the  electric  charge  upon  a 
living  organism  radiated  by  ultra-violet  has  a  direct  influence  upon  the 
destructive  action  of  that  radiation." 

Gates  (59),  working  also  with  Staphylococcus  aureus,  made  determina- 
tions only  within  the  range  pH  4.5  and  7.5,  and  found  no  appreciable 
influence  upon  the  bactericidal  reaction. 

Effects  on  the  Medium. — Seeking  an  explanation  of  the  lethal  effect 
of  light  on  organisms,  many  of  the  early  workers  were  led  by  several 
circumstances,  not  primarily  experimental,  to  attribute  these  effects 
to  the  result  of  oxidation.  In  the  first  place,  there  was  current  the  view 
that,  in  general,  the  destruction  of  organic  material  results  primarily 
through  oxidative  processes.  It  was  also  a  relatively  simple  explanation 
to  consider  that  the  effect  was  indirect,  induced  through  the  action  of 
light  on  the  substrate  or  upon  the  water  of  the  substrate.  The  view  that 
oxygen  is  chiefly  important  in  the  killing  effect  seemed  to  be  confirmed 
by  the  fact  that  stirring  or  shaking  exposed  fluids  enhanced  killing 
efficiency,  whereas  stirring  or  shaking  in  the  case  of  exposed  fluids  is, 
of  course,  essential  in  order  that  all  organisms  may  be  brought  more  or 
less  equally  into  the  path  of  the  beam  of  light.  Again,  the  observation 
was  made  that  organisms  at  the  surface  of  a  liquid  were  more  readily 
killed,  and  this  was  thought  to  be  connected  with  the  oxygen  supply. 
The  low  penetrability,  at  least  of  the  ultra-violet,  was  not  always  recog- 
nized. However,  a  certain  number  of  observations  by  early  workers  such 
as  Ward  (155),  D'Arcy  and  Hardy  (3),  Dieudomie  (32),  and  others 
seemed  to  confirm  the  general  view  that  oxidation  is  important.  On 
the  other  hand,  experimental  evidence  against  the  view  promptly  accumu- 
lated. In  particular,  Bie  (16)  showed  that  strong  bactericidal  action  of 
ultra-violet  could  be  demonstrated  in  the  absence  of  any  free  oxygen. 
Henri  (73a)  was  definite,  perhaps  largely  on  theoretical  grounds,  in 
declaring  that  the  effect  of  light  is  direct,  that  is,  on  the  protoplasm  and 
not  through  the  formation  of  peroxide. 

Thiele  and  Wolfe  (148)  gave  special  attention  to  this  problem.  They 
purified  the  gases  bubbled  through  an  exposure  vessel  until  no  trace  of 
oxygen  could  be  detected,  so  that  they  came  to  the  conclusion  that  light 
action  is  wholly  independent  of  the  presence  of  oxygen.  Likewise  they 
determined  that  peroxide  has  no  indirect  influence  on  the  process. 
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Meanwhile  considerable  evidence  has  gradually  accumulated  in 
support  of  the  view  that  the  presence  of  oxygen  may  influence  the 
alleged  destructive  action  of  visible  light,  and  likewise  the  effects  of 
fluorescing  substances  on  the  bactericidal  effect  at  visible  wave-lengths. 
This  evidence  has  come  more  particularly  from  the  side  of  studies  on 
the  action  of  light  on  enzymes,  toxins,  and  other  products  usually  requir- 
ing high  intensities  in  order  to  effect  inactivation  (cf.  the  discussions  in 
Papers  X  and  XXXVII  of  this  work). 

The  view  that  irradiation  of  aqueous  media  with  ultra-violet  light 
may  produce  peroxide,  and  that  the  injurious  effect  should  be  attributed 
to  this  product,  has  also  been  strongly  maintained  by  Bedford  (13). 
He  attempts  to  show  that  the  destructive  effect  of  radiation  is  propor- 
tional to  the  production  of  peroxide,  and  that  relative  susceptibility  of 
the  organisms  to  radiation  is  of  the  same  order  as  their  susceptibility 
to  peroxide.  Results  of  this  type  do  not  appear  to  be  supported  by  the 
general  evidence  from  the  side  of  photochemistry  (cf.  Paper  VII  of  this 
work) . 

Wholly  aside  from  the  influence  of  oxygen,  or  the  production  of 
peroxide  in  the  media,  is  the  question  that  has  been  raised  frequently 
in  the  literature  regarding  the  effect  of  visible  or  ultra-violet  light  on  the 
medium  or  substrate  in  which  the  organisms  are  irradiated.  A  continuing 
influence  through  the  substrate  can  apply,  of  course,  only  when  the 
irradiated  material  becomes  a  part  of  the  environment  during  the 
further  growth  of  the  irradiated  organism,  as  in  the  case  of  irradiation 
on  agar  surfaces,  but  not  with  the  usual  procedure  in  suspension  irradia- 
tion. The  evidence  from  the  practical  experience  of  many  indicates 
clearly  that  the  irradiation  of  the  usual  bacteriological  media  with  the 
dosages  commonly  employed  induces  no  changes  resulting  in  toxicity  (cf . 
Ward,  155;  Browning  and  Russ,  19;  Mashimo,  100;  Coblentz  and  Fulton, 
29;  Gates,  59,  and  many  others). 

In  general,  the  evidence  is  further  substantiated  by  the  many  data 
that  have  accumulated  in  regard  to  the  high  intensities  required  for  the 
production  of  changes  leading  to  toxicity  in  such  products  as  the  simple 
proteins  and  peptones,  or  in  such  complex  media  as  milk.  On  the  other 
hand,  caution  should  be  observed  and  controls  invariably  included  in 
any  series  where  high  intensities  are  employed,  since  it  is  equally  certain 
that  changes  are  induced  in  proteinaceous  and  other  media  by  intensities 
considerably  greater  than  those  needed  for  destruction  of  microorganisms. 

ABSORPTION  OF  RADIANT  ENERGY 

Owing  to  the  extent  of  studies  on  the  lethal  effect  of  ultra-violet 
radiation  and  the  significance  of  energies  in  the  ultra-violet  in  producing 
the  bactericidal  effect,  absorption  studies  with  bacteria  have  been  con- 
cerned more  particularly  with  the  shorter  wave-lengths  of  sunlight  and 
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of  artificial  sources  particularly  rich  in  ultra-violet  radiation.  The  rapid 
rise  of  the  curve  of  lethal  action  as  wave-length  decreases,  in  general, 
from  around  3000  A  toward  the  region  of  2500  A  or  lower,  makes  it  also 
particularly  important  and  interesting  to  know  precisely  the  absorption 
values  of  the  cells  in  this  region  of  the  spectrum. 

In  the  earlier  work  on  the  absorption  spectra  of  bacteria  crude 
suspensions  were  employed,  and,  in  consequence,  the  scattering  effect 
introduced  an  error  interfering  materially  with  accurate  determinations. 
In  the  work  of  Browning  and  Russ  (19),  a  wide  absorption  band  was 
found  beginning  at  2960  A  and  extending  over  lower  wave-lengths  to 

o 

2100  A.  This  band  accordingly  coincided  rather  accurately  with  the 
bactericidal  range,  and  is  of  interest  in  spite  of  the  fact  that  the  con- 
centration in  bacterial  cells  is  not  stated.  B.  typhosus  and  Staphylococcus 
pyogenes  aureus  were  the  organisms  used. 

Working  with  three  organisms,  Bayne-Jones  and  Van  der  Lingen  (10) 
used  a  highly  concentrated  suspension  containing  five  billion  organisms 
per  cubic  centimeter.  With  a  quartz  spectrograph  and  a  zinc  or  an  iron 
spark  source,  they  made  photographs  at  intervals,  comparing  these 
consistently  with  photographs  of  the  emission  spectra  of  the  arcs 
employed,  thus  determining  approximately  the  amount  of  light  absorbed. 
The  results  with  the  several  bacteria  were  practically  identical.  The 
effect  of  scattering  was  recognized,  so  that  the  results  are  regarded  as 

o 

relative.     Up  to  3000  A  the  suspensions  used  completely  absorbed  the 

o  o 

ultra-violet,  while  at  3500  A  absorption  was  still  strong,  and  at  3700  A 

o 

the  absorption  was  50  per  cent.  Above  3900  A  the  "emulsion  transmits, 
but  greatly  diminishes"  the  radiation.  It  will  be  recalled  that  these 
authors  (see  section  of  this  paper  on  ultra-violet)  were  able  to  demonstrate 
bactericidal  action  at  wave-lengths  somewhat  longer  than  3500  A  (with 
filters). 

In  connection  with  his  work  on  lethal  effects  of  ultra-violet  on  B.  coli, 
it  is  interesting  to  note  that  Henri  (73a),  on  the  basis  of  the  absorption 
spectrum  of  egg  albumen,  advanced  the  view  that  the  bactericidal  effect 
may  be  properly  regarded  as  proportional  to  the  coefficient  of  protoplasmic 
absorption. 

Gates  (60)  varied  the  technique  by  scraping  a  mass  of  bacteria  from 
an  agar  slant  and  pressing  this  into  a  layer  between  quartz  plates  to 
yield  a  film  consisting  primarily  of  bacterial  cells  and  the  accompanying 
metabolic  products.  He  adopted  as  a  standard  unit  of  thickness  0.8 m, 
that  is,  the  average  diameter  of  Staphylococcus  aureus,  one  of  the  organisms 
employed.  It  is  assumed  that  the  bacteria  thus  form  a  homogeneous 
medium  and  apparently  that  all  are  living.  The  original  paper  should  be 
consulted  for  the  technique  both  in  the  absorption  studies  and  in  the 
methods  of  determining  the  thickness  of  the  bacterial  film.  Five  series  of 
determinations  were  made  with  Staphylococcus  aureus  and  with  B.  coli. 
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Curves  were  obtained  characteristic  of  biological  fluids  containing  protein 
material.  These  curves  present  a  general  similarity  to  the  reciprocals  of 
the  curves  for  bactericidal  effect  (Fig.  2).  It  is  not  regarded  as  sig- 
nificant that  there  are  certain  differences  in  the  sets  of  curves  referred  to, 
since,  while  all  the  products  of  the  cell  will  contribute  to  the  total  absorp- 
tion, it  is  scarcely  possible  that  absorption  by  all  such  products  will  be 
effective,  that  is,  participate  in  the  bactericidal  effects.  In  general,  this 
study  reveals  the  existence  of  an  absorption  maximum  between  2600  and 

o 

2700  A,  corresponding  strikingly  to  the  maximum  bactericidal  effect.     A 

second  maximum  seems  to  be 
approached  below  2300  A  (Fig.  2). 
This  work  has  been  criticized  (45)  on 
the  ground  that  the  determinations 
were  made  with  energy  intensities 
sufficient  to  cause  the  death  of  the 
bacteria  during  the  interval  of  ex- 
posure, so  that  the  absorption  curves 
given  would  actually  represent  the 
absorption  by  dead  bacteria. 

Various  students  of  lethal  effects 
have  directed  attention  to  the  proba- 
bility that  the  energy  resulting  in 
killing  is  absorbed  by  a  comparatively 
small  part  of  the  cell  organization,  and 
this  is  independent  of  any  "specific 
volume,"  as  often  dis- 
cussed elsewhere  in  the  literature.  It 
would  seem  to  be  clear,  therefore, 
that  no  absorption  curve  found  could  approach  an  accurate  picture  of  a 
theoretical  absorption  spectrum  of  the  essential  material  or  materials. 

Ehrismann  and  Noethling  (45)  discuss  at  some  length  the  difficulties 
and  the  sources  of  error  in  any  final  determination  of  absorption  values 
that  actually  represent  effective  absorption,  that  is,  absorption  by  those 
cell  constituents  that  may  lead  directly  or  indirectly  to  lethal  effects. 
While  recognizing  the  desirability  of  determining  the  absorption  of  those 
substances  only  that  are  sensitive  to  changes  resulting  in  death,  they  find 
no  procedure  that  is  entirely  satisfactory.  Theoretically,  the  reciprocal 
of  the  curve  of  bactericidal  action  is  perhaps  the  best  absorption  curve 
available.  No  absolute  comparisons  were  attempted,  since  the  con- 
centration used  for  each  organism  was  so  adjusted  that  the  measurements 
with  the  photocell  employed  were  within  the  range  of  the  greatest  accu- 
racy (Fig.  3).  In  general,  the  procedure  employed  was  calculated  to 
assure  work  with  living  cells,  since  the  intensity  of  the  radiation  utilized 
was  far  below  the  threshold  of  bactericidal  action.     Nevertheless,  paral- 
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Fig.  2. — The  coefficients  of  absorption    sensitive 
of  ultra-violet  radiation  by  a  layer  of  B. 
coli  0.8  n  in  thickness.      {From  Gates,  60.) 
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lei   experiments   were   carried   out   with   lethal   intensities   by   way   of 
comparison. 

The  problem  of  the  absorption  spectra  of  bacteria  is  obviously  related 
also  to  the  problem  of  the  possible  bactericidal  effect  of  wave-lengths  of 
light  in  the  longer  ultra-violet  and  in  the  visible  regions  of  the  spectrum. 
It  is  of  interest,  therefore,  to  refer  to 
a  few  of  the  several  papers  in  which 
attention  has  been  given  to  the 
absorption  by  specific  bacterial  cell 
constituents  which  might  conceivably 
be  important  in  the  bactericidal 
effects. 

Through  the  work  of  Kubowitz 
and  Haas  (cf.  Warburg)  and  of  Otto 
Warburg  (154),  among  others,  the 
absorption  of  the  bacterial  pigment, 
cytochrome,  and  of  certain  oxygen- 
carrying  ferments  has  been  deter- 
mined. The  cytochrome  absorption 
bands  of  the  acetic  bacteria  are 
found  in  the  green,  i.e.,  about  5500 

o 

to  5600  A,  while  the  ferro-carbon 
dioxide  combination  of  the  respiratory 
ferment  has  been  identified  in  the 
same  organism  in  the  yellow,  at  5930 
A.     This    type    of   study   has    been  _^ 

extended    to    other    bacteria    and    to  Fig.  3.— Sensitivity  curve  of  B.  prodi- 

yeasts;     likewise,     other     yellow    r)\vr.    giosus  &nd  Staph,  aureus:  contmnouB  lines 

represent    1    to    10  per   cent   killing,   and 

ments  have  been  found  m  bacteria,  broken  lines  90  to  lOO  per  cent  killing. 

while       methemoglobin      has      been    (From  Ehrismann  and  Noethling,  45.) 

assumed  to  be  present  in  certain  organisms — from  the  absorption  bands 
in  the  red. 


RELATIVE  SENSITIVITY 

Some  differences  in  the  sensitivity  of  various  species  of  bacteria 
to  the  lethal  effect  of  light  have  been  consistently  reported.  The  earlier 
investigations  are  of  but  little  value,  since  such  factors  as  the  concentra- 
tion in  cells,  presence  of  absorptive  substances  in  the  media  or  among 
the  by-products,  were  not  taken  into  consideration.  Extensive  com- 
parative studies  made  under  conditions  excluding  the  influence  of  other 
modifying  factors  are  not  available  today,  although  it  seems  reasonable  to 
assume  that  differences  in  the  thickness  or  color  of  the  cell  wall,  somatic 
pigmentation,  and  the  presence  of  other  nonprotoplasmic  light-absorbing 
substances  might  result  in  differences  of  resistance  of  minor  magnitude 
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even  if  "protoplasmic"  sensitivity  were  in  this  respect  less  variable. 
Among  those  studies  reporting  comparative  differences  a  few  only  will  be 
cited  as  examples,  each  in  the  order  of  increasing  sensitivity:  (Larsen,  93a) 
B.  typhi  muris,  B.  coli  commune,  B,  typhi,  Staphylococcus  pyogenes  citreus, 
B.  prodigiosus,  Staphylococcus  pyogenes  albus,  Staphylococcus  pyogenes 
aureus,  B.  pyocyaneus,  and  B.  cyanogenus  (the  first  being  killed  in  60 
min.,andthe  last  in  25  min.) ;  (Bisceglie,  17)  B.  pyocyaneus,  Staphylococcus 
aureus,  B.  anthracis;  (Ehrismann,  44a)  B.  diphtheriae,  B.  prodigiosus, 
B.  coli.  Staphylococcus  pyogenes  aureus,  Vibrio  cholerae,  and  B.  typhi. 

Bang  (8c)  found  little  difference  between  the  tubercle  bacillus  and 
Staphylococcus  pyogenes  aureus.  Pothoff  (123),  using  12  species  or  strains 
of  bacteria  in  water  suspensions,  could  detect  no  striking  differences  in 
their  relative  resistance  to  radiation.  Several  strains  of  B.  coli  were  killed 
in  about  2  min.  Two  of  the  forms  of  Staphylococcus  pyogenes  were  killed  in 
30  sec,  and  one  in  60  sec.  One  unnamed  species  was  reported  killed 
in  15  sec.  Among  seven  species  studied  by  Bayne- Jones  and  Van  der 
Lingen  (10),  no  significant  differences  in  resistance  were  found.  Like- 
wise Gates  (59)  and  Wyckoff  (166)  reported  that  the  order  of  resistance 
of  Staphylococcus  aureus  and  B.  coli  is  much  the  same.  Contrary  to  the 
general  evidence,  Wiesner  (160)  assumes  that  there  are  bacteria  (Luft- 
keime)  in  nature  accommodated  to  the  strongest  sunlight,  and  not  ordi- 
narily injured  by  the  action  of  light.  It  was  more  or  less  characteristic 
of  that  period  to  regard  the  animal  parasitic  and  saprophytic  bacteria  as 
likely  to  possess  greater  sensitivity  toward  light  on  the  ground  of  habitat 
adjustment,  and  Wiesner  seems  to  accept  this  view. 

Ward  (155),  Arloing  (4,  5),  and  others  among  the  earlier  students  of 
lethal  light  effects,  observed  that  the  spores  of  bacteria  as  well  as  vegeta- 
tive stages  are  killed  with  suitable  length  of  exposure,  although  some 
confusion  developed  in  respect  to  the  comparative  resistance  of  spores  and 
vegetative  stages.  Arloing  (5)  reported  anthrax  spores  less  resistant  than 
vegetative  stages,  while  Jansen  (82)  in  an  extensive  study  declared  that 
the  spores  are  about  5  to  7  times  as  resistant  as  the  vegetative  form  of 
bacteria  in  general.  Pothoff  (123)  reported  the  extent  of  growth  merely 
by  descriptive  terms,  showing  that  the  vegetative  form  of  anthrax  gave 
about  the  same  amount  of  killing  in  5  sec.  as  was  obtained  in  30  sec.  with 
spores.  Using  B.  subtilis,  at  a  concentration  of  1/10,000,  the  vegetative 
form  was  reduced  to  5  colonies  after  an  exposure  of  45  sec,  whereas 
3  min.  were  required  to  reduce  the  spore  stage  to  occasional  colonies;  with 
B.  mesentericus,  spores  were  also  more  resistant,  but  the  difference  was  less 
striking. 

In  some  comparative  experiments  with  plant  viruses,  Duggar  and 
Hollaender  (42)  exposed  B.  subtilis  and  B.  megatherium  to  monochromatic 
ultra-violet  in  a  suspension  containing  physiological  salt  solution  and 
traces  of  bouillon  and  of  the  virus  preparation.     At  a  survival  value  of 
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85  per  cent,  the  maximum  killing  of  spores  was  at  X2650  A,  where  the 
energy  requirement  was  approximately  18.2  X  10^  erg/cc;  whereas  with 
the  vegetative  stage  the  same  wave-length  was  most  efficient,  but  the 
energy  requirement  was  16.5  X  10'  erg/cc.  It  should  be  noted,  however, 
that  at  high  survival  percentages  the  energy  requirements  for  killing  the 
vegetative  and  the  spore  stages  are  more  nearly  equal,  becoming  farther 
apart  as  the  survival  value  diminishes.  Accordingly,  qualitative 
experiments,  or  those  giving  comparative  values  for  practically  complete 
killing,  do  not  adequately  present  this  relation.  Nevertheless,  it  seems 
clear  that  spore  stages  are  more  resistant  than  vegetative  cells,  and  no 
doubt  the  extent  of  this  difference  is  dependent  somewhat  upon  the  age 
of  the  vegetative  cells  with  which  the  comparison  is  made  and  upon  other 
conditions  as  well. 

Such  results  as  those  just  referred  to  are  a  striking  indication  of  the 
fact  that  there  is  very  little  relation  between  heat  resistance  and  light 
resistance.  It  is  to  be  noted,  for  example,  that  the  spores  of  B.  anthracis 
are  almost  as  readily  killed  by  light  as  are  vegetative  stages,  whereas  the 
spore  stage  is  strongly  resistant  to  high  temperatures.  In  the  case  of 
B.  subtilis,  many  spores  withstand  boiling  for  15  min.,  yet  the  vegetative 
stage  will  scarcely  withstand  an  exposure  of  15  min.  at  65°C.  The 
papers  of  Pothoff,  Ehrismann,  and  Duggar  and  Hollaender  should  be 
consulted  for  the  technique  of  securing  spores  and  vegetative  stages  of 
suitable  purity. 

Reports  of  the  effects  of  age  of  the  bacterial  cell  on  resistance  to 
irradiation  are  not  consistent.  Bang  (8)  reported  increasing  resistance 
with  age,  up  to  62  hours,  and  Gates,  working  with  Staph,  aureus,  found 
"the  recently  divided  and  genetically  and  metabolically  active  bacteria 
in  the  four-hour  culture  were  appreciably  less  resistant  to  the  ultra-violet 
energy"  than  cultures  28  or  52  hr.  old.  On  the  other  hand,  Stenstrom 
and  Gaida  (144),  among  others,  have  obtained  results  indicating  greater 
resistance  in  B.  coli  as  cultures  24  hr.  old  than  as  cultures  from  1  to  6  weeks 
old.  Apparently  the  problem  of  the  age  relation  is  not  so  simple  as  has 
been  assumed.  In  the  case  of  organisms  adhering  in  twos  or  in  chains 
while  the  cells  are  young,  accurate  comparative  counts  are  difficult;  while 
with  old  cultures  many  of  the  cells  are  dead  previous  to  exposure,  and  if 
intensity  measurements  are  made,  there  is  obviously  much  ineffective 
absorption. 

X-RAYS 

The  earlier  work  on  the  effects  of  X-rays  on  bacteria  was  very  largely 
negative,  as  might  be  expected  when  viewed  in  retrospect,  if  due  con- 
sideration is  given  to  the  probable  intensities  of  the  radiation  and  to  other 
conditions  of  the  experimental  work.  Of  this  earlier  work  only  the  brief- 
est indications  need  be  furnished.     Stimulated  by  the  work  of  Buchner  on 
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the  lethal  action  of  ultra-violet  radiation,  Minck  (103)  in  1896  was  appar- 
ently the  first  to  undertake  a  determination  of  the  efficiency  of  X-rays  as 
a  bactericidal  agency.  He  used  a  strain  of  the  typhoid  bacillus,  streaking 
the  surface  of  agar  plates,  and  exposing  certain  areas  as  long  as  8  hr.,  at  a 
distance  of  10  cm.,  to  radiation  from  a  Hittorf  tube.  Following  an 
incubation  period,  no  effect  of  the  irradiation  could  be  detected  from  the 
gross  appearance  of  colony  development. 

Among  others  investigating  X-ray  effects  with  negative  results  may 
be  mentioned  Beck  and  Schultz  (11).  Negative  results  were  also 
obtained  by  Wittlin  (163)  using  six  species  of  bacteria  exposed  in  tubes 
of  peptone  bouillon,  subcultured  before  and  after  exposure.  In  fact, 
while  negative  results  were  being  generally  reported  at  this  time 
(1896-1897)  indications  were  accumulating  which  were  interpreted  as 
showing  indirect  effects  of  radiation  on  bacteria;  thus  animals  inoculated 
with  the  tubercle  bacillus  were  irradiated  and  compared  with  similarly 
inoculated  and  unirradiated  controls  with  respect  to  disease  development. 
In  this  way  some  positive  indications  were  furnished.  Nevertheless,  more 
consideration  in  establishing  the  bactericidal  action  of  these  rays  should 
be  given  to  such  investigations  as  those  of  Rieder  (130),  in  1898.  He 
used  six  organisms  {B.  anthracis,  B.  coli,  B.  diphtheriae,  the  tubercle 
organism,  a  streptococcus.  Staphylococcus  pyogenes  aureus,  and  Vibrio 
cholerae),  exposing  these  on  agar  or  gelatin  media.  They  were  killed 
after  irradiation  intervals  of  40  to  60  min.  at  a  distance  of  10  cm.  On  the 
whole,  less  consistent  and  satisfactory  results  were  obtained  with  some 
of  these  organisms  when  exposed  in  bouillon  or  in  a  meat  extract  medium 
5  mm.  in  depth.  The  general  trends  of  such  results  were  confirmed  by  the 
later  work  of  Rieder  (130)  and  others. 

With  the  intensities  which  continued  to  be  employed  during  the  next 
quarter  century  few  significant  advances  were  made;  true,  exposure 
periods  were  considerably  extended,  but  this  practice  could  not  be 
expected  to  yield  satisfactory  results  under  conditions  favorable  for 
continued  growth  and  multiplication.  Even  less  satisfactory  were  the 
results  in  which  cultures  were  exposed  for  an  interval  on  successive  days. 
Results  obtained  by  Russ  (134)  were  important  in  showing  that  while  the 
irradiation  of  inoculated  animals  might  increase  their  resistance  to  the 
disease  normally  induced,  still  such  intensities  as  he  employed  produced 
no  evident  effect  on  the  morphology  or  physiology  of  the  bacteria  when 
irradiation  of  these  organisms  was  carried  out  independently.  Haber- 
land  and  Klein  (69a)  worked  with  a  spark  length  of  35  cm.  and  current 
2  to  2.5  ma.,  giving  an  exposure  up  to  twice  that  required  for  1  H.E.D., 
with  negative  effects  on  a  "human"  strain  of  the  tubercle  bacillus,  while 
Lange  and  Fraenkel  (92)  found  that  a  dosage  of  10  H.E.D.  (2  ma.,  and 
spark  length  7  to  8  cm.)  greatly  diminished  the  infectivity  of  a  culture  of 
this  organism  33  days  old,  as  evidenced  by  inoculation  of  the  organism 
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into  guinea  pigs.     It  was  also  determined  that  cultures  younger  than 
about  four  weeks  were  more  resistant  to  radiation. 

In  spite  of  further  studies  on  lethal  effects  and  on  modification  of 
virulence  or  of  pigmentation,  the  problem  remained  controversial  and 
quantitative  data  were  few.  In  1925,  Klovekorn  (86)  used  Staphylococcus 
pyogenes  aureus  and  Bacillus  colt,  with  radiation  from  an  Apex  apparatus 
provided  with  an  attachment  for  a  Coolidge  tube.  The  intensities  are 
given  in  terms  of  SN  (1  sn  being  equivalent  to  600  r).  The  bacterial 
preparations  were  arranged  to  test  the  effects  under  several  conditions: 
thus  the  materials  for  exposure  were  (a)  growing  agar  streak  cultures; 
(6)  bouillon  cultures  24  hr.  old;  (c)  suspensions  in  physiological  salt 
solution;  and  (d)  plate  cultures  25  to  30  days  old.  In  advance  it  was 
determined  that  effects  upon  the  media  employed  were  insufficient  to  be 
regarded  as  a  factor  in  the  results.  Up  to  a  dosage  of  60  sn  there  was  no 
change  in  time  or  character  of  growth,  even  in  respect  to  color;  while  in 
bouillon  and  in  physiological  salt  solution  changes  in  cultural  behavior 
began  at  80  sn,  yet  in  no  case  were  there  definite,  lethal  effects  up  to 
120  SN,  the  maximum  intensity  employed.  On  the  other  hand,  cultures 
28  to  30  days  old,  on  agar  plates,  showed  diminished  growth  capacity 
at  80  SN,  and  complete  killing  at  120  sn.  Reasonably  substantiating 
results  were  obtained  with  B.  coli.  The  findings  were  also  verified  by 
use  of  the  "Tusche"  (brushed  film)  culture  technique.  Summarizing,  it 
was  found  that  modification  of  cultural  characteristics  may  be  brought 
about  at  60  to  80  sn,  w^hile  lethal  effects  at  110  to  120  sn  are  produced 
only  when  the  exposed  cultures  are  old  (28  to  30  days,  under  these 
conditions).  Klovekorn's  paper  should  be  consulted  for  brief  reviews  of 
other  earlier  papers  not  mentioned  in  this  discussion. 

Many  of  the  more  recent  studies  on  the  effects  of  X-rays  on  bacteria, 
as  well  as  on  other  organisms,  have  had  the  advantage — on  the  biological 
side — of  improved  techniques  and  conditions,  of  higher  radiation  inten- 
sities, and  of  a  more  accurate  measurement  of  dosage  in  roentgen  units. 
An  appreciation  of  all  these  developments  is  important  in  the  later  inter- 
pretations and  discussions.  In  his  general  review  of  X-ray  effects, 
Packard  (114)  has  analyzed  and  systematized  the  results  reported  from 
a  variety  of  biological  material,  and  the  reader  is  referred  to  that  paper 
for  broader  orientation.  Here  it  is  possible  to  consider  only  a  few  of  the 
many  relevant  lines  of  discussion. 

Unfortunately,  most  of  the  quantitative  X-radiation  work  on  bacteria 
relates  to  lethal  effects  only.  From  the  data  now  available  it  is  well 
known  that  if  any  population  of  microorganisms  is  exposed  to  radiation 
inducing  lethal  effects,  one  may  plot  the  percentage  of  survivals  against 
the  time  of  exposure  and  the  results  will  appear  in  the  form  of  a  logarith- 
mic or  of  an  S-shaped  curve.  Biologists  are  generally  agreed  that  such 
S-shaped  curves  are  characteristic  of  a  normal  variability  of  a  population 
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in  sensitivity.  Similar  curves  are  produced,  of  course,  by  such  a  diffuse 
lethal  factor  as  temperature.  An  interesting  physical  interpretation 
of  effects  of  this  nature  is  the  assumption  that  any  organism  or  cell  will 
die  as  soon  as  it  has  received  the  required,  or  critical,  number  of 
X-ray  quanta;  that  is,  the  probability  feature  applies  to  the  number  of 
quantum  hits  received,  and  not  to  the  variability  of  the  biological 
material. 

The  further  suggestion  was  made  from  the  work  of  Crowther  with 
Colpidium  that  a  hit  on  a  particular,  sensitive  spot  of  the  protoplasm  is 
necessary  to  cause  death.  There  has  been  much  discussion  of  this  view 
and  modifications  of  it  both  in  regard  to  the  size  and  the  distribution  of 
the  sensitive  constituents  and  in  respect  to  the  effects  of  quanta  of  differ- 
ent energy  content.  Holweck  and  Lacassagne  (78,  88)  and  Glocker  (65), 
among  others,  are  prominently  associated  with  work  done  in  this  field. 
An  extended  discussion,  with  literature,  will  be  found  in  a  recent  paper 
of  Lacassagne  (89),  and  to  this  the  reader  is  referred,  likewise  to  the 
discussion  by  Gowen  (Paper  XLIII)  in  this  work.  Wyckoff  has  also 
emphasized  the  physical  side,  and  some  of  his  results  will  be  given  by 
way  of  illustration. 

In  two  papers  Wyckoff  (164,  165)  has  reported  quantitative  studies  on 
the  lethal  effects  of  X-rays  on  bacteria.  The  first  paper  is  concerned 
with  effect  of  soft  X-rays  and  the  second  with  X-rays  of  different  wave- 
lengths. The  bacteria  were  exposed  on  agar  surfaces.  Counts  were 
made  after  incubation  on  equal  exposed  and  adjacent  control  areas.  In 
the  first  experiments,  B.  coli  and  B.  aertrycke  were  used,  the  assumption 
being  that  these  organisms  give  a  distribution  in  single  cells,  an  assump- 
tion which  appears  to  the  reviewer  less  real  than  ideal.  Soft  X-rays 
were  supplied  from  the  general  radiation  of  a  tungsten  tube  operated  at 
12-kv.  peak  and  8  ma.,  and  also  by  the  K  radiation  of  copper.  Intensity 
measurements  were  made.  Survival  values  were  plotted  against  time. 
The  results  indicate  that  there  is  no  significant  difference  in  the  sensitive- 
ness of  the  two  species  of  bacteria.  The  killing  effect  is  semilogarith- 
mically  linear.  Basing  the  conclusion  on  a  mathematical-physical 
analysis,  it  is  concluded  that  death  is  caused  by  the  absorption  of  a  single 
X-ray  quantum  of  energy.  Moreover,  the  ratio  of  quanta  absorbed  to 
killing  is  about  20/1.  It  would  appear  that  the  "sensitive  cell  con- 
stituents" must  have  a  volume  less  than  0.06  of  the  entire  cell.  Effects 
other  than  lethal  ones  were  not  given  special  consideration. 

MISCELLANEOUS  CONSIDERATIONS 

Apparatus  and  Procedures. — A  general  discussion  of  radiation  tech- 
niques and  procedures  has  no  place  in  this  paper,  but  brief  indications 
regarding  special  applications  may  be  appropriately  given.  It  is  clear 
that  the  source  of  radiation  and  the  optical  or  filter  systems  or  other 
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apparatus  needed  in  obtaining  the  wave-lengths  of  radiation  required 
should  be  the  best  procurable  for  the  purpose,  as  should  the  installation 
for  energy  measurements.  The  exposure  vessels  or  culture  procedure 
used  may  vary  widely,  depending  upon  the  nature  of  the  problem.  The 
agar-plate  technique,  whereby  a  suspension  of  bacteria  of  known  con- 
centration is  washed  over  the  hardened  agar  surface  and  then  selected 
areas  of  this  surface  exposed  to  radiation,  commends  itself  on  account  of 
simplicity.  Probably  this  is  reasonably  accurate,  but  many  have  found 
difficulty  in  obtaining  an  equal  distribution  of  the  bacteria,  and  this 
difficulty  is  increased  when  the  organism  is  produced  in  chains  or  adheres 
in  groups.  The  accuracy  of  colony  counts  depends  upon  the  concentra- 
tion, and  there  are  narrow  time  limits  within  which  the  work  may  be 
satisfactorily  carried  out.  The  agar-surface  technique  is  not  applicable 
when  the  period  of  exposure  is  greater  than  the  division  time  of  the  cells, 
and  it  is  unsuitable  for  work  with  viruses  and  enzymes. 

The  suspension  method  (the  bacteria  being  suspended  in  physiological 
salt  solution)  may  be  used  with  a  high  degree  of  accuracy  but  not  without 
careful  study  of  each  organism  used.  It  permits  a  wide  variation  in  the 
concentration  of  organisms,  since  plating  out  from  suspensions  may  be 
made  after  any  interval  of  time.  The  progressive  rate  of  killing  may  be 
followed  relatively  accurately  with  any  range  in  concentration  (through 
the  dilution  plate  series)  desired.  Ideally,  washed  bacteria  might  be 
employed,  but  ordinarily  washing  promotes  clumping  and  apparently 
increases  the  percentage  of  inactive  or  dead  cells,  so  that  caution  is 
necessary.  A  source  of  error  with  the  suspension  method  is  to  be  found 
in  the  amount  of  scattered  hght  in  the  preparation.  Scattering  is  not 
excluded  in  the  agar  preparations  but  is  no  doubt  at  a  minimum.  In 
this  connection  reference  should  be  made  to  the  work  of  Vies  (152)  who 
has  considered  scattering  in  detail  in  relation  to  the  radiation  of  bacterial 
suspensions.  The  purified  suspension  also  offers  less  opportunity  for  the 
influence  of  any  indirect  effects  through  changes  in  the  medium  induced 
by  long  exposure  or  high  intensity.  It  is  the  only  technique  available 
for  comparative  work  with  viruses  and  enzymes. 

Fluorescence  in  Relation  to  Bacteria. — Studies  on  the  fluorescence  of 
bacteria  are  relatively  recent.  In  relation  to  the  general  problem  of 
fluorescence  much  information  has  been  brought  together  by  Radley 
and  Grant  (124).  Burge  and  Neill  (22)  reported  fluorescing  bacteria 
much  less  sensitive  to  light  than  those  which  are  nonfluorescing.  The 
investigation  made  by  Gassul  and  Zolkovic  (57),  using  X3650  A,  led  to 
the  claim  that  types  of  bacteria  might  be  distinguished  by  characteristic 
fluorescent  properties.  This  work  was  not  supported  by  the  observations 
of  Danielson  (30),  who  found  this  property  insufficiently  definite  for 
application  in  species  diagnosis.  The  more  extensive  observations  of 
Lasseur,  Dupais,  and  Lecaille  (94)  included  33  species  of  bacteria  and 
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13  yeasts.  Their  conclusion  was  that  differentiation  on  this  basis  was 
impracticable    and    that    nearly   all   species    exhibited   fluorescence   at 

o 

X3650  A.  Giese  and  Leighton  (63)  have  also  studied  fluorescence  as 
excited  by  monochromatic  light.  It  is  to  be  noted  that  consideration 
should  be  given  the  possibility  that  fluorescence  may  be  a  property  of  the 
excretion  products  of  the  bacterial  cell,  therefore,  in  any  examination 
respecting  this  property  as  an  intracellular  attribute  the  cells  should  be 
washed.  On  the  other  hand,  fluorescence  may  be  studied  in  relation  to 
the  action  of  a  particular  organism  on  a  particular  substrate.  The 
fluorescence  spectrum  of  bacteria  and  fungi  under  violet  and  ultra-violet 
irradiation  was  studied  by  Dh^re,  Gllicksmann,  and  Rapetti  (31),  using 
both  spectroscopic  and  spectrographic  methods.  They  attribute  the 
fluorescent  quality  of  these  organisms  to  the  formation  of  porphyrins 
during  the  course  of  growth.  From  Mycobacterium  smegmatis,  e.g.,  there 
was  distinguished  a  strong  emission  band  in  the  orange,  corresponding 
clovsely  with  the  chief  band  of  copro porphyrin  in  a  neutral  medium. 

Photodynamic  Effects. — It  would  appear  to  be  difficult  at  present  to 
evaluate  definitely  the  influence  resulting  from  the  addition  to  the 
substrate  of  substances  having  fluorescent  or  "sensitizing"  properties 
upon  the  physiological  effects  of  visible  and  ultra-violet  radiation.  Von 
Tappeiner  and  his  associates,  especially  Jodlbauer,  (cf.  83,  147)  have 
contributed  a  series  of  articles  on  this  subject,  and  many  others  (37,  79, 
98,  141)  have  extended  this  field  of  inquiry.  Von  Tappeiner  and 
Jodlbauer  used  a  great  variety  of  compounds  in  such  groups  as  fluores- 
cenes,  anthracenes,  quinines,  and  other  dye-furnishing  substances 
primarily  absorptive  in  the  visible.  They  (147)  stressed  the  importance 
of  fluorescing  substances  and  have  suggested  that  some  of  the  earlier 
studies  did  not  eliminate  the  possibility  of  temperature  effects.  They 
also  present  evidence  that  the  photodynamic  effect  is  independent 
of  the  production  of  toxic  substances  in  the  substrate,  although  in  general 
their  controls  were  merely  tests  in  which  the  fluorescing  agents  were 
added  to  the  cultures  maintained  in  the  dark.  Within  the  range  of 
visible  radiation  it  was  found  that  the  presence  of  oxygen  may  be  essential ; 
in  the  ultra-violet  the  effect  is  not  dependent  upon  oxygen  (cf.  37). 

According  to  Dreyer  (37),  the  addition  of  certain  fluorescing  sub- 
stances, notably  erythrosin,  promotes  killing  in  the  yellow  and  yellow- 
green,  in  fact,  rendering  the  bacteria  sensitive  in  this  region  as  well  as  in 
the  ultra-violet.  Erythrosin  was  considered  the  best  sensitizer  with 
B.  prodigiosus.  In  some  of  the  relatively  recent  photodynamic  work 
contrary  views  respecting  the  significance  of  such  agents  have  been 
advanced  (141).  The  relation  of  dye  effects  to  their  absorption  spectra 
has  been  emphasized  (98),  and  even  the  bactericidal  effect  of  neon  light 
in  the  presence  of  photodynamic  agents  (Grumback,  67)  has  been 
studied.     Further  systematic,   quantitative   work   is   much   needed  in 
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tliis  fiold,  but  it  .should  he  recognized  at  the  outset  tluit  the  photochemical 
reactions  may  be  compUcated,  and  accurate  interpretation  correspond- 
ingly difficult. 

Remarks. — In  so  brief  a  review  of  the  effects  of  radiation  on  bacteria 
many  relevant  topics  are  necessarily  left  out  of  consideration.  Observa- 
tions on  the  effects  of  radium  are  sufficiently  extensive  to  justify  inclusion, 
although  largely  qualitative.  Moreover,  a  special  paper  of  this  work 
(Gager,  Paper  XXX)  is  devoted  to  the  general  effects  of  radium  on 
plants.  Wyckoff  and  Rivers  (167)  have  studied  the  influence  of  cathode 
rays,  and  the  action  of  polarized  light  (15,  59)  has  not  been  neglected. 
Bacterial  luminescence  is  a  large  problem  and  phototaxy  an  interesting 
one,  but  both  have  been  looked  upon  as  outside  the  province  of  this 
article.  Many  investigators  have  given  some  attention  to  the  con- 
sequences of  sublethal  irradiation  of  pathogenic  bacteria,  and  it  is  well 
known  that  modifications  of  pathogenicity  may  occur,  but  until  quantita- 
tive work  has  been  done  in  this  direction  the  picture  is  scarcely  more 
than  outlined.  To  the  reviewer  it  appears  also  that  the  most  attractive 
lines  of  work  await  the  investigator — in  general,  the  modification  of  rate 
or  quality  of  such  physiological  relations  as  fermentation  and  metabolic 
products,  respiration,  pigment  development,  and  growth  behavior,  as 
well  as  modification  of  cell  or  colony  form  and  the  influence  on  spore 
formation  and  on  genetic  expression.  Finally,  it  would  be  instructive 
to-  attempt  to  give  a  comparative  review,  at  least  in  relation  to  proteins, 
enzymes,  viruses,  protoplasm,  bacteria,  and  other  unicellular  organisms. 
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THE  EFFECTS  OF  RADIATION  ON  ENZYMES 
Harold  A.  Schomer 
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The  study  of  the  relation  of  light  to  enzymes  may  be  divided  into  two 
parts:  (o)  the  use  of  light  in  the  study  of  the  structure  of  enzymes,  mainly 
their  absorption  spectra,  and  (6)  the  possible  effects  of  the  absorbed 
radiation  on  the  enzymes.  Since  the  greatest  progress  in  the  purification 
of  enzymes  and  in  the  perfection  of  physical  apparatus  in  the  field  of 
radiation  has  been  made  in  comparatively  recent  years,  early  work  on 
irradiation  of  enzymes  was  necessarily  rather  crude  and  qualitative. 

In  1879  Downes  and  Blunt  (19)  found  that  invertase  ("zymase"  from 
a  fragment  of  yeast  macerated  in  water  and  filtered)  was  inactivated 
by  the  full  solar  spectrum  in  the  presence  of  oxygen.  They  concluded 
that  the  chief  injury  was  due  to  the  blue-violet  portion,  and  that  the 
inactivation  was  an  oxidation  reaction.  Fermi  and  Pernossi  (23)  studied 
the  effect  of  sunlight  and  temperature,  together  with  various  acids  and 
salts,  on  various  enzymes,  the  sources  of  which  are  not  described.  Pepsin 
and  trypsin  were  found  to  be  inactivated  by  long  exposure  (10  days)  to 
sunlight.  It  was  also  reported  that  greater  inactivation  by  light  occurred 
at  higher  temperatures  (54°  to  56°C.),  than  at  lower  temperatures  (37°C.). 
When  exposed  in  the  dry  condition,  these  enzymes  retained  their  activity 
over  long  periods  of  time  (3  months).  Similar  results  were  obtained 
with  ptyalin,  diastase,  and  emulsin  in  the  dry  state,  and  in  the  presence 
of  chloroform,  ether,  amyl  alcohol,  or  benzol.  Bacteria,  exposed  to 
sunlight,  lost  considerable  of  their  proteolytic  activity. 

Green  (30)  made  extensive  studies  on  the  action  of  sunlight  and  light 
from  an  electric  arc  upon  malt  diastase  solution,  diastase  in  leaf  tissue, 
and  upon  human  saliva.  Over  a  24-hr.  period,  bright  sunlight  had  no 
effect,  while  diffused  light  was  found  to  increase  slightly  diastatic  activity. 
After  an  exposure  of  10  days  the  diastatic  activity  decreased  93  per  cent. 
The  various  diastase  solutions  were  also  exposed  to  an  electric  arc  of 
2000  candle  power  at  a  distance  of  2  ft.  for  10-,  12-,  and  24-hr.  periods. 
Exposures  were  made  in  open  Petri  dishes,  the  enzyme  solutions  being 
mixed  to  a  gel  with  agar,  then  disposed  in  quartz  vessels  and  in  glass 
vessels.  The  entire  spectrum  was  found  to  exert  an  attenuating  influence 
on  the  diastatic  activity;  visible  and  infra-red  rays  (passed  through  glass) 
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produced  first  an  increase  followed  by  a  decrease  in  activity.  He  con- 
cludes, therefore,  that  the  destructive  rays  are  in  the  ultra-violet  region, 
while  radiation  in  the  red  and  blue  regions  has  the  power  of  increasing 
the  diastatic  activity;  this  last  he  explained  by  assuming  the  conversion 
of  zymogen  into  the  active  enzyme  by  those  wave-lengths.  Similar 
results  were  obtained  with  living  leaf  tissue,  except  that  the  effects  were 
less  marked.  Green  attributes  this  fact  to  the  protective  action  of 
chlorophyll  and  of  proteins  of  the  protoplasm  against  the  destructive 
ultra-violet  rays. 

Emmerling  (21)  likewise  studied  the  effect  of  sunHght  upon  a  number 
of  crude  enzyme  preparations  but  failed  to  obtain  uniform  results.  Pro- 
nounced inactivation  occurred  with  rennet  and  maltase  upon  an  exposure 
of  6  hr.  to  direct  sunhght,  but  little  or  no  inactivation  occurred  upon 
similar  exposures  of  invertase,  lactase,  emulsin,  amylase,  trypsin,  and 
pepsin.  Von  Tappeiner  (82)  studied  the  effects  of  sunlight  upon  enzymes 
with  and  without  addition  of  fluorescing  dye  substances,  and  he  found 
that  there  was  little  or  no  effect  upon  diastase,  invertase,  and  papain 
when  exposure  was  made  without  a  fluorescing  substance.  But  when 
such  a  substance  was  added,  even  in  so  dilute  a  concentration  as  1 : 1,000,- 
000,  definite  attenuation  of  enzyme  activity  resulted.  In  confirmation 
of  these  results,  Jodlbauer  and  von  Tappeiner  (42)  exposed  solutions  of 
invertase  to  sunlight  with  and  without  ultra-violet  rays,  and  found  that 
the  sunlight  without  the  ultra-violet  was  capable  of  producing  little 
injury.  This  injury,  however,  was  increased  to  80  per  cent  in  10  min. 
if  a  small  amount  of  fluorescing  material  was  added.  The  same  authors 
later  (86),  using  a  carbon  arc,  irradiated  solutions  of  invertase  in  a  water 
bath  to  exclude  infra-red  rays  and  found  definite  injury  from  the  irradia- 
tion wholly  unrelated  to  the  presence  of  oxygen  of  the  air. 

Chauchard  and  Mazoue  (14)  irradiated  solutions  of  malt  amylase 
and  yeast  invertase  separately  and  together,  using  as  a  Ught  source  a 
110-v.  mercury-vapor  lamp.  The  enzyme  solutions  were  commercial 
malt  extract  and  invertase  prepared  from  beer  yeast,  filtered  until  clear 
(details  of  preparation  not  given).  They  were  exposed  in  quartz  tubes, 
fastened  to  the  circumference  of  a  wheel  rotating  around  the  lamp  at  a 
distance  of  12  cm.  Activity  of  both  enzymes  was  diminished,  but  the 
malt  amylase  was  found  to  be  much  more  sensitive  to  the  ultra-violet  rays 
than  the  yeast  invertase.  Svanberg  (80)  using  for  the  first  time  highly 
purified  invertase  solution  found  its  activity  to  be  easily  destroyed  by 
ultra-violet  light,  the  destructive  effect  being  considerably  greater  with 
increasing  purity  of  the  preparation.  These  results  are  confirmed  by 
Gorbach  and  Pick  (29)  who  report  that  yeast  autolysates  were  scarcely 
injured  by  irradiation  of  2  hr.,  while  preparations  of  a  high  degree  of 
purity  lost  their  activity  after  20  to  30  min.  The  hydrogen  ion  concentra- 
tion was  found  to  be  of  slight  effect  on  the  degree  of  inactivation,  espe- 
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cially  of  the  purest  invertase  preparations.  Inaetivation  by  ultra-violet 
rays  was  very  pronounced  in  the  presence  of  ozone.  In  the  presence  of 
molecular  oxygon,  10  min.  of  irradiation  caused  activation  of  invertase. 
This  was  explained  by  assuming  that  the  oxygen,  activated  by  ultra- 
violet rays,  oxidized  the  activity-restraining  substances  accompanying 
the  enzyme,  making  the  latter  harmless.  In  this  work  a  quartz-mercury 
lamp  was  used  directly  for  the  radiation  studies,  and  there  was  room  for 
refinement  of  technique. 

Gorbach  and  Lerch  (28)  irradiated  thin  layers  of  invertase  solutions 
of  varying  degrees  of  purity  in  flat  dishes,  with  a  mercury-vapor  lamp 
and  light  filters.  The  irradiation  dishes  were  placed  in  a  vessel  of  ice 
water  to  prevent  heating  and  evaporation  of  the  enzyme  solution.  The 
absorption  spectra  of  all  enzyme  solutions  showed,  independent  of  their 
degree  of  purity,  an  absorption  band  at  2700  A.  Sharpness  of  the  band 
increases  with  the  degree  of  purity  of  the  enzymic  preparation.  Absorp- 
tion was  not  measurably  changed  when  the  enzyme  was  first  rendered 
inactive  by  ultra-violet  irradiation.  Pure  tryptophane  was  found  to 
absorb  at  2700  A,  and  an  increase  in  the  tryptophane,  which  was  present 
in  the  purest  enzyme  preparations,  increased  the  enzyme  activity.  The 
investigators  conclude  that  tryptophane  is  the  carrier  for  the  enzyme- 
active  group,  and  inaetivation  of  the  invertase  might  be  explained,  in 
the  case  of  their  experiment,  as  a  disturbance  of  tryptophane  as  a  usable 
carrier.  The  absorption  spectra  were  taken  with  a  Zeiss  spectrograph 
(Scheibe  method).  Gorbach  and  Kimovec  (27)  found  that  invertase 
solutions  of  definite  purity  which  have  been  irradiated  for  10  min.  and 
longer  lose  their  residual  activity  upon  subsequent  standing,  while 
enzyme  solutions  irradiated  for  a  shorter  time  are  stable.  No  reactiva- 
tion was  obtained  by  the  addition  of  tryptophane  or  yeast  gums;  on  the 
contrary,  post-inactivation  was  hastened,  yeast  gums  acting  more  power- 
fully than  tryptophane. 

Agulhon  (1,  la,  2)  studied  the  effects  of  radiations  from  a  mercury 
arc  upon  a  number  of  commercial  and  crude  enzymes,  i.e.,  invertase,  malt 
and  pancreatic  amylases,  emulsin,  pepsin,  rennet,  catalase,  laccase,  and 
tyrosinase.  An  Heraus  mercury-vapor  lamp  in  fused  quartz,  using  2  to 
3  amp.  on  110  v.,  was  used  as  the  radiation  source,  and  the  enzyme 
solutions  were  exposed  at  distances  of  15  to  20  cm.  both  in  quartz  and  in 
glass  test  tubes,  the  glass  being  suflaciently  thick  to  check  radiations 
shorter  than  3022  1.  After  exposures  ranging  from  30  min.  to  6.5  hr., 
the  activity  of  all  of  these  enzymes  suffered  some  degree  of  attenuation 
from  wave-lengths  shut  out  by  glass  but  transmitted  by  quartz.  Some 
deleterious  effect  of  visible  rays  was  noted  on  emulsin  and  catalase,  but 
visible  light  appeared  to  have  no  effect  upon  the  other  enzymes.  In 
general,  the  injury  appeared  to  be  due  to  the  ultra-violet,  with  radiations 
longer  than  X3022  A  having  no  effect.     Considering  the  mechanism  of 
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destruction,  Agulhon  (la)  suggests  three  groups:  (a)  invertase,  laccase, 
and  tyrosinase,  destroyed  by  visible  light  only  when  oxygen  is  present 
and  by  ultra-violet  more  rapidly  when  oxygen  is  present;  (b)  catalase  and 
emulsin,  inactivated  in  a  vacuum  by  both  visible  and  ultra-\dolet  radia- 
tion ;  and  (c)  rennet,  destroyed  by  ultra-violet  in  the  presence  or  absence 
of  oxygen.  The  interaction  of  foreign  substances  in  these  effects  is 
recognized  as  a  possibility. 

Chauchard  (12)  made  a  quantitative  study  of  the  action  of  mono- 
chromatic ultra-violet  light  on  amylase  of  Aspergillus  (details  of  prepara- 
tion of  enzyme  are  not  given).  Sparks  between  electrodes  of  Mg,  Cd, 
and  Zn  were  used  as  light  sources,  filters  being  used  in  one  case  to  isolate 
the  various  wave-lengths,  the  enzyme  preparation  being  exposed  as  a 
suspension  7  mm.  in  depth  in  a  quartz  cell  placed  4  cm.  from  the  light 
source.  In  a  second  part  of  the  experiment  the  light  was  separated  into 
monochromatic  radiations  by  two  quartz  prisms.  There  was  no  mention 
of  temperature  control.     The  energy  of  each  wave-length  was  measured 

o 

with  a  "Ruben's  battery,"  wave-lengths  ranging  from  2144  to  3600  A 
being  employed.  Absorption  studies  were  made  for  several  wave- 
lengths. It  was  concluded  that  the  photochemical  action  is  proportionate 
to  the  absorption  of  the  suspension,  and  absorption  varies  inversely  with 

o 

the  wave-length,  the  greatest  absorption  being  99.96  per  cent  at  X2307  A 
(the  shortest  wave-length  employed  in  the  absorption  studies).  Amylase 
was  destroyed  only  by  radiation  of  less  than  2800  A,  the  action  increasing 
very  rapidly  as  the  wave-length  decreases,  while  lipase  was  destroyed 
even  by  radiations  of  X3300  A,  with  shorter  wave-lengths  increasingly 
efficient  in  the  inactivation.  There  seemed  to  be  no  relation  between 
the  absorption  spectrum  of  pancreas  extract,  which  has  a  maximum 
absorption  at  2813  A,  and  the  destruction  spectra  of  amylase  and  lipase. 
In  1923,  Ludwig  Pincussen  began  the  publication  of  a  series  of  papers 
entitled  "Fermente  und  Licht"  which  reported  a  number  of  experiments 
conducted  by  him  and  his  associates  upon  the  subject.  Reference  can 
be  made  here  and  in  later  paragraphs  to  only  a  limited  number  of  the 
observations  reported.  Using  malt  diastase,  the  full  spectrum  of  the 
mercury  arc  produced  strong  inactivation,  the  action  depending  upon 
such  conditions  as  the  concentration  of  the  solution,  on  accompanying 
compounds,  and  on  the  reaction  of  the  medium  (67a).  The  greatest 
effect  occurred  at  the  optimum  reaction  for  enzyme  activity.  Using 
later  (67c?)  the  same  enzyme  and  the  same  source  of  radiation,  the  reaction 
constant  was  calculated  at  various  hydrogen  ion  concentrations.  With 
increased  exposure,  the  reaction  constant  decreased.  The  inactivation 
constant  was  also  calculated  from  digestion  experiments  with  various 
concentrations  of  starch  at  different  hydrogen  ion  concentrations. 
Inactivation  was  found  to  follow  the  course  of  a  monomolecular  reaction, 
with  maximum  decrease  in  the  reaction  constants  at  pH  6.26.     Taka 
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diastase  proved  to  be  more  easily  inactivated  (67/)  by  ultra-violet  radia- 
tion than  the  malt  diastase  preparations  employed,  and  in  the  former 
case  the  addition  of  certain  salts,  especially  salts  of  iodine,  decreased 
the  amount  of  injury.  Pancreatic  diastase  and  ptyalin  were  protected 
by  KI,  but  not  malt  diastase  (67e). 

With  malt  diastase  the  protective  action  of  NaCl  was  least  at  pH 
6.64  (67e).  Small  quantities  of  other  salts  showed  greater  protective 
action  than  larger  amounts.  In  general  (67^)  there  is  a  protective  action 
of  the  chlorides  of  K,  Ca,  Mg,  Li,  and  Pb,  the  order  of  the  protection 
varying  with  the  different  diastases  and  also  with  the  concentration  of 
the  salts  and  of  the  enzyme  solutions.  Usually  the  K  salts  offered  the 
least  protection,  and  Ca  salts  the  greatest. 

It  was  also  found  (67m)  that  certain  sensitizers  (eosin,  sodium 
dichloroanthracene  disulfonate,  and  sodium  anthraquinone  disulfonate) 
as  well  as  certain  impurities  present  in  the  enzyme  solutions  exert  a 
protective  action  on  the  enzyme.  The  greatest  inactivation  occurred 
at  the  optimum  pH  for  digestion,  with  or  without  the  addition  of  the 
sensitizers.  The  lecithase  and  phosphatase  in  a  Taka  diastase  prepara- 
tion were  irradiated  with  the  mercury-vapor  arc  (67o),  and  at  pH  6.6 
phosphatase  was  much  more  seriously  inactivated  by  ultra-violet  light 
than  was  lecithase.  The  course  of  inactivation  followed  the  law  for  a 
reaction  of  the  first  order.  Greater  inactivation  of  Taka  diastase  by 
ultra-violet  light  occurs  at  pH  5.91-5.97  (67n),  which  also  is  its  activity 
optimum.  Heat  resistance  is  greatest  at  alkaline  reactions.  Ultra- 
violet combined  with  heat  (45°  to  50°C.)  is  most  powerful  at  pH  4.83  to 
4.89.  Heat  and  ultra-violet  destructions  are  thus  assumed  to  have 
different  mechanisms. 

Terroine  and  Bonnet  (88)  found  that  diastase  of  the  pancreatic  juice 
of  a  dog  and  that  of  the  gastroenteric  juice  of  a  snail  {Helix  pomatia)  are 
more  sensitive  to  the  destructive  action  of  ultra-violet  rays  when  they 
are  exposed  in  the  presence  of  NaCl  than  when  exposed  in  their  inactive 
forms  (obtained  by  prolonged  dialysis).  The  variations  of  sensitivity 
to  ultra-violet  radiation  and  heat  rays  of  the  active  and  inactive  diastases 
were  neither  general  nor  regular. 

Thompson  and  Hussey  (89)  irradiated  a  diastase  solution  prepared 
from  pancreatin  in  0.85  per  cent  saline.  The  enzyme  was  irradiated  in  a 
flat  bottomed  cylindrical  quartz  tube  placed  vertically  above  a  quartz 
window,  and  in  the  bottom  of  a  thermo-regulated  water  bath  at  10°C. 
The  quartz-mercury  lamp  employed  was  19  cm.  below  the  quartz  window. 
The  enzyme  solution  was  stirred  during  the  experiment,  and  a  control 
in  a  light-screened  container  was  held  in  the  same  bath.  Apparently  no 
attempt  was  made  to  measure  light  intensity  or  quality.  The  diastase 
in  solution  was  inactivated  by  the  radiations,  and  the  reaction  course  was 
that  of  a  monomolecular  reaction.     The  reaction  was  followed  to  a 
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point  where  more  than  88  per  cent  change  liad  taken  place,  and  it  was  due 
apparently  "to  the  influence  of  the  ultra-violet  radiation  alone." 

Fuller  (24,  24a)  irradiated  solutions  of  Taka  diastase  and  Difco 
invertase  for  30  min.  periods  in  open  Petri  dishes  at  a  distance  of  10  in. 
from  a  quartz-mercury-vapor  arc.  Experiments  were  also  made  with 
the  infra-red  present  and  with  these  rays  screened  out  incompletely  by 
a  quartz  cell  with  1.5  cm.  water.  Intensity  measurements  of  the  light 
source  were  made  with  a  thermopile  and  galvanometer,  but  absorption 
of  the  enzyme  solutions  was  not  determined.  The  attempt  was  also 
made  to  study  the  effects  of  radiation  on  enzymes  in  living  plants.  The 
tissue  extracts  of  the  irradiated  and  nonirradiated  plants  were  then 
tested  for  enzyme  activity.  The  Taka  diastase  and  Difco  invertase 
suffered  partial  inactivation  when  irradiated  in  vitro  with  ultra-violet 
and  infra-red  light,  but  in  the  living  plant  such  was  not  the  case.  In 
the  living  plant,  with  the  intensities  used,  the  activity  of  the  four  enzymes 
was  apparently  increased,  although  the  plants  were  severely  injured, 
and  it  should  be  observed  that  the  control  plants  were  not  strictly 
"control."  Mycelium  of  a  Fusarium  was  killed  by  similar  irradiation, 
but  the  activity  of  its  amylase  and  peptase  was  sHghtly  increased.  Fuller 
concludes  that  injury  of  living  tissue  by  irradiation  is  due  to  some  other 
factor  than  the  inactivation  of  these  enzymes.  Increased  activity  of  the 
blood  diastase  and  of  catalase  of  irradiated  young  dogs  was  reported 
by  Karapetjan  (44),  but  this  indirect  effect  did  not  extend  to  lipase. 

Hutchinson  and  Ashton  (38)  determined  the  effects  of  full  radiation 
from  a  mercury-vapor  arc  and  also  individual  wave-lengths  as  trans- 
mitted by  a  monochromatic  illuminator  on  the  diastases  of  saliva  and  of 
malt.  Full  irradiation  retarded  the  dextrinogenic  and  saccharogenic 
activity  of  both  salivary  and  malt  diastase  in  an  inverse  relation  to  light 
intensity.  In  the  case  of  salivary  diastase,  they  report  the  rates  of  dextrin 
production  and  of  maltose  production  decreased  by  the  green  and  the  far 
ultra-violet,  while  there  was  apparently  stimulation  with  the  red-yel- 
low and  the  near-ultra-violet  wave-lengths.  On  malt  diastase  mono- 
chromatic radiation  was  generally  inhibitory  for  the  dextrinogenic  phase 
and  stimulatory  for  the  saccharogenic  phase.  These  results  may  be 
explained  by  the  presence  of  two  enzymes  constituting  the  diastase,  one 
dextrinogenic,  the  other  saccharogenic ;  either  may  be  the  less  active  and 
so  become  the  "pace  setter"  for  maltose  production.  In  salivary  diastase 
the  dextrinogenic  enzyme  is  the  pace  setter,  while  in  malt  diastase  the 
saccharogenic  enzyme  is  usually  the  pace  setter;  full  illumination,  how- 
ever, retards  the  dextrinogenic  enzyme  until  it  becomes  the  pace  setter. 

Pincussen  and  Hayashi  (67^  exposed  serum  lipase  from  rabbits  and 
guinea  pigs  to  a  quartz-mercury-vapor  arc,  and  found  that  definite  injury 
occurred  at  acid  pH  values,  but  the  injury  was  practically  nil  at  alkaline 
pH  values. 
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Peroxidase  activity  declines  upon  exposure  to  light,  as  is  evidenced 
by  the  work  of  a  number  of  investigators.  Jamada  and  Jodlbauer  (39) 
and  Zeller  and  Jodlbauer  (94)  found  that  peroxidase  and  catalase  were 
sensitive  to  ultra-violet  and  visible  radiations.  Visible  light  was  active 
only  if  oxygen  was  present,  while  ultra-violet  was  active  in  the  absence  of 
oxygen  as  well  as  in  its  presence.  Photodynamic  substances  were  found 
to  speed  up  the  inactivation  in  visible  light.  Bach  (4)  noted  a  decline 
in  its  activity  when  exposed  to  sunlight  in  an  Erlenmeyer  flask.  Reinle 
(72)  exposed  milk  to  ultra-violet  light  and  found  a  harmful  effect  on  the 
peroxidase  only  after  prolonged  exposure.  Pincussen  and  Hammerich 
(67s),  preparing  a  peroxidase  from  the  horse  radish  according  to  methods 
described  by  Willstatter  and  Oppenheimer,  found  that  this  enzyme  was 
damaged  by  the  light  from  a  mercury-vapor  arc.  The  hydrogen  ion 
concentration  appeared  to  have  little  effect  upon  the  action  exerted  by 
the  ultra-violet.  Decrease  in  activity  of  the  peroxidase  was  found  to  be 
roughly  proportional  to  the  intensity  of  the  light. 

Tallaricio  (81)  and  Batelli  and  Stern  (5)  reported  destruction  of 
catalase  activity  by  sunlight,  the  former  investigator  stating  that  red 
light  conserves  the  activity  while  blue  light  decreases  the  activity. 
Batelli  and  Stern  found  that  the  O2  factor  is  unimportant  in  the  destruc- 
tion of  catalase.  Waentig  and  Steche  (91)  found  that  the  effect  of  light, 
especially  ultra-violet,  on  catalase  is  more  pronounced  in  an  alkaline 
solution  than  in  a  neutral  or  acid  one.  Pincussen  and  Seligsohn  (67/i) 
found  that  blood  catalase  in  an  impure  condition  follows  the  same  rules 
that  were  found  for  other  enzymes  investigated  by  them.  At  pH  6  to  8 
the  inactivation  of  catalase  by  ultra-violet  is  a  function  of  irradiation 
time,  as  reported  by  Morgulis  (57).  Stern  (79)  found  that  irradiation  of 
liver  catalase  with  wave-lengths  of  3000  to  4000  A  has  no  effect,  but  the 
entire  light  of  the  mercury-vapor  lamp  retarded  its  activity. 

Studies  on  the  effect  of  radiation  on  crude  urease  from  soy  bean  have 
been  reported  (676,  67c),  but  the  later  work  of  Tauber  (87)  was  on 
crystalline  urease  (after  Sumner).  Tauber  found  that  direct  sunhght 
did  not  affect  urease  to  which  no  eosin  had  been  added  at  the  various 
temperatures  and  time  intervals  studied.  In  the  presence  of  eosin, 
sunlight  was  inactivating,  while  ultra-violet  had  an  inhibitory  effect  upon 
the  activity  inversely  proportional  to  the  distance  from  the  radiation 
source,  and  intensified  by  the  presence  of  eosin. 

From  the  large  number  of  experiments  cited  before,  it  may  be  seen 
that  in  most  of  the  studies  little  attempt  has  been  made  to  place  the  work 
entirely  upon  a  quantitative  basis.  Many  difficulties  necessarily  have 
confronted  the  investigator,  and  the  more  precise  earlier  work,  such  as 
that  of  Chauchard,  was  handicapped  by  the  use  of  crude  enzyme  prepara- 
tions, even  though  nearly  monochromatic  radiation  was  employed  and 
energies  carefully  measured.     In  a  large  number  of  the  experiments,  no 
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attempt  was  made  to  segregate  the  effective  rays  of  the  ultra-violet  or  to 
determine  their  intensity  and  the  amount  of  absorption  responsible  for 
the  effect  produced.  Too  often  no  attempt  was  made  to  control  experi- 
mental conditions,  such  as  temperature,  hydrogen  ion  concentration, 
evaporation,  etc. 

The  preparation  of  crystalline  enzymes  as  reported  by  Sumner  and 
by  Northrop  naturally  removed  a  great  obstacle  in  studying  enzyme 
chemistry.  Previously,  although  very  active  enzymic  preparations  were 
made,  there  was  always  the  question  of  the  role  that  unknown  impurities 
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played  in  producing  various  experi- 
mental results.  In  irradiation,  the 
question  of  protective  action  and 
absorption  by  these  impurities  is  a 
very  important  one,  and  might 
appreciably  modify  the  results  ob- 
tained from  an  impure  preparation. 
However,  the  question  of  the  crys- 
talline nature  of  enzymes  has  not  yet 
been  proved  to  the  satisfaction  of  all 
investigators.  In  any  case,  great 
strides  have  been  made  in  the  prep- 
aration of  more  active  enzymes  and 
in  purification  procedures. 

Kubowitz     and     Haas     (50),     at 
Warburg's  suggestion,  determined  the 
absorption  spectrum  and  destruction 
Fig.  1.— The  outlined  curve  shows  the  ^^^ve  of  purified  urease.     They  were 

absorption  spectrum  of  urease  as  directly  ^  i       i  i 

measured,  the  crosses  designating  the  unable  to  prepare  crystals,  but  they 
points   where   the  absorption  has  been  obtained  just  as  active  a  preparation 

calculated  from  the  inactivation  measure-  i    i        n  t      i 

Haas,  as  that  reported  by  Sumner.  Light 
sources  used  were  a  mercury-arc  lamp 
and  various  metallic  spark  sources.  A  monochromator  served  to  split 
up  the  light  with  fluorspar  or  quartz  optics,  and  the  intensity  of  each 

o 

wave-length  employed,  ranging  from  1960  to  3660  A,  was  measured  by 
means  of  a  bolometer.  The  curve  of  the  absorption  spectrum  of  the 
urease  coincided  with  the  curve  of  the  destruction  of  the  enzyme,  there 
being  a  slight  destruction  of  urease  activity  at  2650  A,  with  a  very  rapid 

o 

destruction  by  wave-lengths  shorter  than  2500  A  (see  Fig.  1). 

Hussey  and  Thompson  (36)  irradiated  a  pepsin  solution  made  from 
granular  pepsin  dissolved  in  water  acidified  to  pH  4.4.  with  0.1  M  HCl 
for  periods  of  1,  2,  3,  and  4  hr.,  with  a  quartz-mercury-vapor  lamp. 
(The  experimental  arrangements  were  as  previously  described  for  Thomp- 
son and  Hussey,  89.)  The  enzyme  was  inactivated  by  the  irradiation, 
and  they  concluded  that  the  effective  radiations  were  those  of  the  ultra- 


ments.      (After       Kubowitz      and 
Biochem.  Zeitsch.  257:  337-343.     1933.) 
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violet  region  of  the  spectrum,  and  that  the  process  was  that  of  a  mono- 
molecular  change.  The  maximum  light  inactivation  of  pepsin  occurs 
at  the  pH  of  maximum  activity,  i.e.,  at  1.15,  as  found  by  Pincussen  and 
Uehara  (67A').  At  pH  1.93  and  2.28  there  was  no  significant  difference 
between  the  activities  of  rayed  and  unrayed  solutions.  Calvin  (11) 
reported  a  decrease  in  the  activity  of  pepsin  and  trypsin  due  to  the  effect 
of  radiations  from  a  mercury-vapor  lamp.  Temperature  and  other  factors 
were  controlled.  Pace  (1931)  studied  the  effects  of  radiation  from  a 
mercury-vapor  arc  upon  solutions  of  trypsin  and  enterokinase  which 
had  been  previously  partially  inactivated  by  heat.  Upon  irradiation 
by  light  around  2800  A,  only  further  inactivation  occurred;  with  visible 
light  only,  there  was  no  further  effect  upon  the  enzymes.  Inactivation 
was  greater  if  the  entire  radiation  of  the  quartz  lamp  was  used. 

Northrop  (61)  irradiated  dilute  solutions  of  crystalline  pepsin,  buffered 
at  pH  4.65,  in  quartz  tubes  (the  controls  being  glass  tubes),  using  a 
General  Electric  "Lab  Arc"  lamp  as  the  light  source,  at  a  distance  of 
8.5  cm.  The  determination  indicated  a  loss  in  activity  of  the  pepsin, 
accompanied  by  a  corresponding  decrease  in  the  total  protein  nitrogen  of 
the  solution,  the  latter  suggesting  the  protein  nature  of  the  enzyme 
preparation.  The  rate  of  inactivation  was  dependent  upon  pH,  and  was 
a  maximum  at  about  pH  2.0.  There  was  no  change  in  activity  or  in 
protein  nitrogen  in  the  controls,  from  which  ultra-violet  was  largely 
screened  out. 

Gates  (26)  studied  the  absorption  and  destruction  spectra  of  solutions 
of  Northrop's  crystalline  pepsin  in  the  ultra-violet  region.  Petri  dishes 
covered  with  cellophane  and  with  glass,  respectively,  served  as  exposure 
and  control  vessels.  The  apparatus  used  included  an  air-cooled  hori- 
zontal quartz-mercury-vapor  lamp,  a  large  quartz  monochromator, 
thermopile,  and  galvanometer.  The  lamp  was  operated  at  67  v.  and  5.5 
amp.  Samples  were  exposed  at  30  cm.  at  temperatures  of  20°  and  22°C. 
At  intervals,  from  20  to  360  min.,  5-ml.  samples  were  removed  for  activity 
and  for  absorption  tests.  Total  absorption  in  the  ultra-violet  region 
increased  with  the  degree  of  inactivation,  this  increase  being  especially 
marked  between  X2400  and  2750  A.  The  rate  of  inactivation  was 
sensitive  to  changes  in  pH,  increasing  with  lower  values,  and  apparently 
bearing  a  one-quantum  relationship  to  the  energy  flux.  The  destruction 
spectrum  of  the  enzyme  was  found  to  agree  essentially  with  its  absorption 
spectrum  and  is  similar  to  that  of  urease,  as  found  by  Kubowitz  and 
Haas  (50). 

Tyrosinase  activity  in  two  substrates,  according  to  experiments  of 
Pincussen  and  Hammerich  (67r),  was  easily  destroyed  by  radiations  from 
a  quartz-mercury-vapor  arc.  However,  in  the  irradiation  of  Dolichos 
tyrosinase,  described  by  Narayanamurti  and  Ramaswami  (59),  irradiation 
accelerated  activity;  but  about  one-half  of  this  increased  activity  was 
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lost  within  1  hr.  after  irradiation.  Pancreatin  activity  is  also  attenuated 
by  the  action  of  ultra-violet  radiation  (Pincussen  and  Klissimus,  67^); 
but  this  enzyme  is  much  more  light-resistant  in  the  presence  of  salts  of 
iodine  (other  salts  are  less  active). 

A  few  other  qualitative  studies  on  miscellaneous  enzymes  may  be 
mentioned.  Emulsin,  milk  aldehydrase,  and  succino-dehydrogenase 
each  suffered  partial  inactivation  upon  irradiation  with  ultra-violet  from 
a  mercury-vapor  arc.  The  destruction  of  activity  of  emulsin  was  found 
by  Helferich  and  Brieger  (33)  to  be  differential,  depending  upon  whether 
emulsin  is  tested  against  ^-d  glucoside  or  a-d  mannoside.  Pincussen  and 
Oya  (67n,  67o)  found  inactivation  of  milk  aldehydrase  by  ultra-violet 
in  the  presence  of  oxygen  at  the  optimal  pH  of  7.35,  while  Pincussen  and 
Roman  (67g)  reported  that  an  irradiation  of  15  min.  injured  succino- 
dehydrogenase  of  horse  muscle  to  the  same  extent  as  irradiation  of  1  hr. 
with  visible  light. 

The  above  review  attempts  to  describe  representative  work  on  the 
effects  of  radiation  on  enzymes,  giving  consideration,  where  possible,  to 
the  several  groups  of  enzymes  and  to  the  historical  aspect.  There  are, 
unfortunately,  very  few  articles,  which,  while  presenting  a  systematic 
study  of  the  effects  of  radiation  on  enzymes,  at  the  same  time  take 
advantage  of  the  modern  developments  in  radiation  technique  and  of  the 
best  methods  of  enzyme  purification.  The  value  of  future  work  in  this 
field  will  be  enhanced  by  consideration  of  these  advances  and  by  giving 
strict  attention  to  all  conditions  or  modifying  factors. 
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INTRODUCTION! 

The  process  of  evolution  is  the  resultant  of  several  intimately  inter- 
woven, but  virtually  independent,  processes.  Since  evolution  implies 
the  presence  of  hereditary  differences  between  the  ancestral  and  the 
derived  forms,  and  since  the  only  known  method  of  the  origin  of  heredi- 
tary differences  is  gene  mutation,  the  process  of  mutation  must  be 
considered  almost  by  definition  the  mainspring  of  evolutionary  changes. 
It  would  be,  however,  fallacious  to  argue  that  the  concepts  of  evolution 
and  of  gene  mutation  are  synonymous.  For  we  know  at  the  present  at 
least  one  more  kind  of  change  the  significance  of  which  seems  to  grow 
with  the  progress  of  exact  studies  on  the  mechanism  of  evolution.  Com- 
parative genetic  as  w^ell  as  comparative  cytological  investigations  on 
related  forms  of  animal  and  plant  life  show  that  besides  genie  diversities, 
differences  in  the  arrangement  of  chromosomal  materials  are  encountered. 
No  account  of  the  causes  of  evolution  can  be  either  complete  or  satisfac- 
tory unless  these  latter  differences  are  taken  into  consideration. 

Rearrangements  of  the  chromosomal  materials  offer,  moreover,  a 
profitable  field  for  studies  on  the  mechanism  of  heredity.  The  so-called 
chromosomal  abnormalities  are  easily  analyzable  by  a  combination  of 
genetic  and  cytological  methods,  and  the  differences  between  the 
"normal"  and  the  "aberrant"  structures  can  be  described  in  sufficiently 
exact  terms.  The  functioning  of  these  altered  structures  can  then  be 
studied.  Experience  has  demon.strated  that  the  insight  into  the  mecha- 
nism of  heredity  gained  by  this  method  is  more  profound  than  that  gained 
by  observations  on  the  normal   chromosomes  only.     This  fact   alone 

'  The  manuscript  of  this  article  was  first  prepared  and  submitted  to  the  editor 
in  August,  1933.  In  the  revision,  November,  1934,  mention  of  some  of  the  new 
literature  was  made,  but  no  adequate  discussion  given.  It  has  been  impracticable 
to  specify  this  new  material,  but  for  the  most  part  the  dates  of  publication  will  ade- 
quately indicate  the  newer  work  receiving  such  brief  attention. 
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makes  investigations  of  chromosomal  aberrations  an  important  chapter 
of  genetics,  even  disregarding  their  evokitionary  significance.  The 
various  classes  of  chromosomal  aberrations  known  at  present  were  all 
observed  before  the  discovery  of  their  artificial  production  by  X-rays. 
Chromosomal  changes  arise  spontaneously  in  experimental  cultures,  and 
at  least  some  of  them  are  encountered  among  individuals  collected  in 
nature.  But  the  frequency  of  their  spontaneous  origin  seems  to  be 
generally  so  low  that  it  was  not  before  Muller  made  his  discovery  of  their 
induction  by  X-rays  that  the  field  of  chromosomal  aberrations  was  really 
opened  for  study.  Among  animals,  chromosomal  aberrations,  spon- 
taneous as  well  as  induced  ones,  have  so  far  been  investigated  largely  in  a 
single  organism,  namely  in  the  fly,  Drosophila  melanogaster.  However, 
comparable  phenomena  have  been  discovered  recently  also  in  other 
forms,  such  as  mice  (Painter,  92;  Snell,  125),  grasshoppers  (Nabours,  83; 
Robertson,  114;  Nabours  and  Robertson,  84;  Helwig,  52)  and,  possibly, 
in  the  parasitic  wasp,  Hahrobracon  (Greb,  48).  A  comparison  of  chromo- 
somal aberrations  known  in  Drosophila  with  those  in  a  variety  of  plant 
species  shows  their  profound  analogy.  The  fundamental  principles  of 
the  structure  of  the  chromosomal  apparatus  are  similar  in  all  living  forms, 
with  the  possible  exception  of  bacteria  and  lower  fungi.  It  is,  therefore, 
not  surprising  that  the  changes  of  this  apparatus  should  be  accomplished 
by  relatively  few  universally  distributed  methods. 

CLASSIFICATION  OF  CHROMOSOMAL  ABERRATIONS 

The  normal  condition  of  the  chromosomal  apparatus  in  any  strain, 
variety,  or  species  may  be  defined  as  one  in  which  (a)  the  number  of 
chromosomes  is  constant,  (&)  every  chromosome  carries  a  definite  set 
of  genes,  and  (c)  the  genes  within  each  chromosome  are  arranged  in  a 
constant  linear  series.  Any  deviation  from  the  above  regularities  con- 
stitutes a  chromosomal  aberration.  We  may  adopt  a  modification  of  the 
classification  of  chromosomal  aberrations  proposed  by  Bridges  (17)  and 
Morgan,  Bridges,  and  Sturtevant  (71). 

ABERRATIONS    INVOLVING    SETS    OF    CHROMOSOMES 

Polyploidy. — Normal  individuals  carry  in  most  of  their  cells  every 
chromosome  in  duplicate.  Nondivision  or  fusion  of  nuclei  in  gameto- 
genesis  may  result  in  the  appearance  in  the  following  generations  of 
individuals  having  every  chromosome  represented  three  times  (triploid), 
four  times  (tetraploid),  and  so  on.  Just  (54)  induced  polyploidy  in 
Nereis  limbata  by  ultra-violet  radiation. 

ABERRATIONS    INVOLVING    WHOLE    CHROMOSOMES 

1.  Polysomics  are  individuals  having  one  of  the  chromosomes  of  the 
normal  set  represented  three  or  more  times. 
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2.  Monosomies  are  individuals  having  one  of  the  chromosomes  repre- 
sented only  once  (or  fewer  times  than  the  rest  of  the  chromosomes  if  the 
individual  is  a  polyploid).  The  origin  of  polysomics  and  monosomies 
is  due  to  irregularities  in  the  functioning  of  the  mitotic  mechanism. 
The  daughter  halves  of  the  chromosomes  in  somatic  divisions,  and  the 
homologues  in  meiotic  divisions,  may  undergo  nondisjunction  (Bridges, 
12)  and  pass  to  the  same  pole  of  the  spindle  instead  of  to  the  opposite 
poles.  IVIonosomics  may  be  produced  also  by  elimination  of  chromosomes 
in  any  divisions. 

3.  Compounding  is  a  union  of  separate  chromosomes  into  a  single  body. 
Temporary  compounding  of  several  chromosomes  into  single  "Sam- 
melchromosomen"  is  regularly  observed  in  Ascaris  and  in  certain  insects. 
Whether  compounding  ever  occurs  as  a  permanent  heritable  aberration 
remains  to  be  studied  (see  below). 

4.  Fragmentation  is  a  separation  of  one  chromosome  into  two  or  more 
independent  ones. 

ABERRATIONS    INVOLVING    SECTIONS    OF    CHROMOSOMES 

This  class  of  chromosomal  aberrations  may  have  the  general  name 
of  rearrangements  of  chromosomal  materials  or  simply  chromosomal 
rearrangements. 

1.  Translocation  (Bridges,  16)  is  a  transfer  of  a  section  of  a  chromo- 
some from  its  normal  location  to  a  new  one.  In  intrachromosomal 
translocations  the  transfer  is  accomplished  within  a  single  chromosome. 
Such  translocations  seem  to  be  rare,  possibly  because  the  technique 
used  for  finding  translocations  (see  below)  fails  to  detect  them.  Dubinin 
(38,  39)  gives  a  preliminary  account  of  a  translocation  in  Drosophila 
W£lanogaster  involving  a  transfer  of  a  section  of  the  left  end  of  the 
Z-chromosome  to  its  right  end.  In  inter  chromosomal  translocations  a 
section  of  one  chromosome  is  transferred  to  a  nonhomologous  chromo- 
some. Two  main  types  of  interchromosomal  translocations  may  be 
distinguished : 

a.  Simple  translocation  (Dobzhansky,  28)  is  a  transfer  of  a  section 
of  one  chromosome  (the  donor)  to  another  chromosome  (the  recipient). 
Simple  translocation  involves  breakage  of  the  donor  chromosome  only, 
the  recipient  chromosome  remaining  intact,  or  at  least  no  section  of  the 
recipient  being  transferred  on  the  donor. 

h.  Reciprocal  or  mutual  translocation  (Muller,  76;  Dobzhansky,  28), 
known  also  as  segmental  interchange, ^  is  an  exchange  of  sections  between 

2  The  expression  "segmental  interchange"  is  used  by  several  authors,  especially 
by  those  working  on  plants.  This  term  is  objectionable  because  "segmental  inter- 
change" was  originally  used  to  designate  cytological  crossing  over  and  is  still  frequently 
used  in  this  sense.  "Segmental  interchange  between  nonhomologous  chromosomes" 
is  certainly  too  long  a  term  to  be  convenient.  Furthermore,  Belling  and  Blakeslee 
(10)  and  Belling  (9),  who  first  used  "segmental  interchange"  for  reciprocal  trans- 
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nonhomologous  chromosomes.     Both  chromosomes  involved  in  reciprocal 
translocations  are  simultaneously  donors  and  recipients. 

2.  Inversion  (Sturtevant,  131).  A  section  of  a  chromosome  may  be 
rotated  180  deg.  without  removal  from  its  place.  Thus,  if  the  order  of 
genes  in  the  original  chromosome  is  ABCDEFG,  the  chromosome  carrying 
an  inversion  has  the  order  ABCFEDG,  or  a  similar  one.  Inversions  are 
merely  special  cases  of  intrachromosomal  translocations. 

3.  Deficiency.  Bridges  (13)  defines  deficiency  as  "the  loss  or  inactiva- 
tion  of  an  entire,  definite,  and  measurable  section  of  genes  and  framework 
of  a  chromosome."  The  deficiencies  first  discovered  in  Drosophila 
(Bridges,  13;  Mohr,  68)  were  too  short  to  be  visible  cytologically,  and 
for  this  reason  Bridges  mentioned  the  possibility  of  inactivation  rather 
than  a  loss  in  his  definition.  Painter  (92)  observed  in  mice  a  cytologically 
visible  deficiency,  and  proposed  for  similar  cases  the  term  "deletion" 
(used  subsequently  by  Painter  and  Muller,  98,  and  other  authors). 
It  is  obvious  now  that  deficiencies  of  Bridges  and  of  Mohr  were  losses 
and  not  inactivations.     "Deficiency"  and  "deletion"  are  synonyms. 

4.  Duplication  (Bridges,  14).  An  individual  carrying  a  duplication 
has  a  normal  chromosome  complement  plus  an  extra  fragment  homol- 
ogous to  a  part  of  one  of  the  chromosomes  (the  duplication).  The 
fragment  may  be  either  free  (in  which  case  the  cells  contain  an  extra 
chromosome  as  compared  with  the  normal  condition),  or  it  may  be 
attached  to  another  chromosome. 

INFLUENCE  OF  X-RAYS  ON  DISJUNCTION  OF  CHROMOSOMES 

Bridges  found  (12)  that  normal,  untreated,  females  of  Drosophila 
melanogaster  occasionally  produce  eggs  carrying  two,  and  eggs  carrying 
no  X-chromosomes.  The  offspring  coming  from  these  exceptional  eggs 
can  easily  be  recognized,  if  a  recessive  female  is  mated  to  a  male  carrying 
sex-linked  dominants.  Regular  offspring  consist  of  dominant  females 
and  recessive  males,  and  the  exceptional  offspring  are  recessive  females 
{XXY,  coming  from  XX  eggs  fertilized  by  Y  spermatozoa)  and  dominant 
males  (having  one  X-  and  no  F-chromosome,  coming  from  no-X  eggs 
fertilized  by  X-sperm).  The  production  of  the  exceptional  eggs  is  mostly 
due  to  nondisjunction  of  the  X-chromosomes  at  the  maturation  divisions. 
The  fact  that  the  XX  eggs  are  less  frequent  (1 :  2500)  than  the  no-X  ones 
(1:600)  indicates,  however,  that  some  of  the  latter  are  produced  by 
occasional  loss  of  the  X-chromosomes  in  female  gametogenesis. 

The  frequency  of  the  production  of  exceptional  eggs  in  Drosophila 
melanogaster  can  be  increased  about  20  times  if  females  are  exposed  to 

locations,  implied  in  this  expression  a  definite  hypothesis  of  the  origin  of  translocations 
(by  "illegitimate"  crossing  over  between  nonhomologous  chromosomes).  Although 
this  hypothesis  may  be  correct,  it  is  by  no  means  conclusively  proved,  and  reflections 
of  contentious  hypotheses  in  terminology  should  be  avoided. 
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X-rays  (Mavor,  61,  62;  Anderson,  3,  4,  5,  7).  Exceptional  females  are 
less  frequent  in  the  offspring  of  treated  flies  than  are  the  exceptional 
males,  suggesting  that  both  nondisjunction  and  elimination  of  chromo- 
somes are  increased  by  X-rays.  Mavor  (64)  has  studied  the  effects  of 
exposing  different  parts  of  pupae  to  X-rays.  In  some  cases  the  anterior 
half  of  the  body  was  exposed  to  radiation,  the  posterior  half  being  shielded 
by  a  silver  plate.  In  other  cases  only  the  posterior  half  of  the  body 
(containing  the  gonads)  was  exposed.  Mavor  found  that  flies  coming 
from  pupae  whose  anterior  half  was  irradiated  produce  no  more  excep- 
tional eggs  than  control  flies.  On  the  other  hand,  irradiation  of  the 
posterior  half  produces  as  much  effect  as  irradiation  of  the  whole  body. 
These  data  show  that  the  action  of  X-rays  on  the  disjunction  of  chromo- 
somes is  probably  direct,  rather  than  indirect,  through  an  upset  of  the 
general  physiological  condition  of  the  organism. 

Demerec  and  Farrow  (22,  23)  found  that  X-ray  treatment  increases 
the  frequency  of  primary  nondisjunction  also  in  Drosophila  virilis. 
Most  of  the  exceptional  individuals  produced  in  that  species  are  males 
(no-X  eggs),  the  exceptional  females  {XX  eggs)  being  very  rare.  It 
appears  therefore  that  in  Drosophila  virilis  elimination  of  X-chromosomes 
rather  than  nondisjunction  in  the  strict  sense  is  produced  by  X-rays. 
The  frequency  of  nondisjunction  and  elimination  increases  proportionally 
to  the  amount  of  treatment  up  to  the  dosage  of  2000  r-units.  Higher 
dosages  produce  a  relatively  small  increase  of  the  frequency  of  exceptional 
individuals. 

Gynandromorphism  in  Drosophila  was  also  induced  by  X-rays 
(Mavor,  63;  Patterson,  100).  Since  the  appearance  of  gynandromorphs 
is  mostly  due  to  elimination  of  one  of  the  X-chromosomes  in  cleavage 
divisions  this  result  seems  to  indicate  that  X-rays  provoke  elimination 
in  both  meiotic  and  mitotic  divisions.  This  conclusion  is  justified  in 
spite  of  the  fact  that  the  more  recent  studies  of  Patterson  (101,  102,  103, 
105,  106)  have  proved  that  a  part  of  the  gynandromorphs  produced  by 
radiation  have  not  a  whole  X  but  only  a  part  of  it  lost,  and  consequently 
gynandromorphism  in  this  case  is  partly  due  to  breakages  of  chromosomes 
and  subsequent  losses  of  some  of  the  fragments,  a  phenomenon  not  so  far 
observed  in  gynandromorphs  appearing  spontaneously. 

Spontaneous  nondisjunction  of  the  fourth  chromosomes  in  Drosophila 
was  first  studied  by  Bridges  (15).  Individuals  monosomic  for  the  fourth 
chromosome  are  easily  distinguishable  from  normal  flies  in  appearance, 
having  a  complex  of  the  so-called  "Haplo-IV"  characters.  Mohr  (68) 
described  mosaic  individuals,  the  origin  of  which  must  have  been  due  to 
nondisjunction  or  elimination  of  the  fourth  chromosomes  in  cleavage 
divisions.  Muller  (72,  75)  and  other  authors  found  among  mutations 
induced  by  X-rays  many  so-called  "Minutes,"  some  of  which  were 
undoubtedly  "Haplo-IV."     Dobzhansky  (26)  observed  in  the  offspring 
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of  treated  flies  rather  numerous  mosaic  individuals  which  had  a  part  of 
their  bodies  monosomic  for  the  fourth  chromosome.  It  is  very  probable 
that  not  only  the  X's  and  the  fourth  chromosomes  but  also  the  large 
autosomes  of  Drosophila  undergo  nondisjunction  and  elimination  due  to 
X-ray  treatment.  The  detection  of  these  processes  is,  however,  made 
difficult  by  the  fact  that  monosomies  and  polysemies  for  these  autosomes 
are  inviable  even  in  mosaics.  Some  of  the  "dominant  lethals"  induced 
by  X-ray  treatment  (MuUer,  72)  are  presumably  just  such  monosomies 
and  polysomics  (Schultz,  115). 

METHODS  OF  DETECTION  AND  OF  STUDYING  CHROMOSOMAL 

REARRANGEMENTS 

The  first  translocations  which  were  observed  in  Drosophila  arose 
spontaneously  (Bridges,  16;  Bridges  and  Morgan,  19;  Stern,  126,  127). 
The  induction  of  translocations  by  X-rays  was  discovered  by  Muller  (72, 
73)  and  Muller  and  Altenburg  (77,  78).  Their  results  were  soon  corrob- 
orated by  findings  of  Weinstein  (138),  Serebrovsky  and  his  collaborators 
(120),  and  other  authors. 

The  technique  of  finding  induced  translocations  is  based  on  the  results 
of  Bridges  (16)  who  has  shown  that  translocations  produce  linkages 
between  genes  located  in  different  chromosomes,  which,  therefore,  are 
normally  independent.  This  technique  was  described  by  Muller  and 
Altenburg  (78)  and  by  Dobzhansky  (24,  26).  Males  having  chromo- 
somes "marked"  by  dominant  genes  are  treated  with  X-rays  and  crossed 
to  untreated  females^  homozygous  for  the  corresponding  recessives 
(Fig.  1).  In  the  Fi  generation  males  that  show  the  characteristics  of  the 
marking  genes  are  selected  and  back-crossed  to  unrelated  recessive 
females.  The  offspring  of  such  back-crosses  consists  normally  of  several 
classes  representing  all  possible  combinations  of  the  marking  genes  (in 
the  case  shown  in  Fig.  1  four  classes,  AB,  ah,  Ah,  and  aB  are  expected), 
all  classes  being  equal  in  frequency.  Males  carrying  translocations 
produce,  however,  some  gametes  and  zygotes  having  deficiencies  and 
duplications  for  certain  sections  of  the  chromosomes  involved  in  the 
translocation.  As  shown  in  Fig.  1,  these  deficiency  and  duplication 
zygotes  are  exactly  those  which  carry  the  recombinations  of  the  marking 
genes  {Ah  and  aB).  Since,  at  least  in  Drosophila,  deficiencies  and 
duplications  either  possess  special  somatic  characteristics  not  present 
in  normal  flies,  or  are  altogether  inviable,  the  recombination  classes  Ah 
and  aB  are  either  visibly  abnormal  or  completely  absent. 

In  an  experiment  of  the  writer  (Dobzhansky  24,  26)  males  carrying 
the  dominants  Bristle  {Bl,  second  chromosome)  and  Dichaete  {D,  third 

'  Males  rather  than  females  are  used  because  they  are  able  to  withstand  a  stronger 
irradiation  without  becoming  completely  sterilized.  It  is  usually  advantageous  to 
treat  wild-type  males  and  to  cross  them  to  females  having  their  chromosomes  marked 
by  mutant  genes.     The  experimental  procedure  is  similar  in  both  cases. 
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chromosome)  were  irradiated  and  crossed  to  females  homozygous  for  the 
fourth  chromosome  recessive  eyeless  (ey).  Bl  D  males  were  selected 
in  Fi,  and  back-crossed  to  homozygous  ey  females.     The  offspring  of 

X-Rotys 
ah  A  J'B 


ab  Ab  otB 

Duplication,      Deficiency, 
dies  dies 

Fig.  1. — Scheme  of  the  detection  of  a  translocation.  Genes  A  and  B  behave  normally 
independently  since  they  are  located  in  different  chromosomes  (one  of  which  is  represented 
black  and  the  other  stippled).  In  individuals  carrying  a  translocation  involving  these 
chromosomes  the  genes  .4  and  B  exhibit  linkage,  since  gametes  Ab  and  aB  produce  no  viable 

zygotes. 

such  a  back-cross  should  consist  of  16  equally  frequent  classes  shown  in 
Table  1.  Among  121  males  tested,  112  actually  gave  this  result.  But 
9  males  gave  aberrant  results. 

The  first  four  cultures  shown  in  Table  1  show  no  recombinations  for 
Bl  and  D;  here  translocations  involving  the  second  and  the  third  chromo- 
somes were  induced.  The  remaining  five  cultures  fail  to  show  recombina- 
tions for  D  and  ey.  Here  we  are  dealing  with  translocations  between  the 
third  and  the  fourth  chromosomes. 
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Table  1 


Cul- 
ture 
No. 

Wild 
type 

9  d" 

Bl 

9      & 

D 

9      & 

ey 

9      d' 

BID 

9      & 

Dey 

9      & 

Bl  ey 

9      d" 

Bl  Dey 

9      d" 

1223 

28  28 

22  16 

4   5 

3   8 

24  26 
20  20 

8  4 
7   7 

11  21 
20  15 

9  13 

12  14 
12  15 

22  24 

28  21 

9  14 

2   4 

19  18 

21  13 

22  19 
10  11 
17  17 

15  21 

1239 

14  19 

1289 
1401 

9   6 
4  12 

1271 
1318 
1319 
1407 
1425 

18  12 
14  13 

19  15 
13   7 
24  19 

.    .           .  . 

10  12 

12  7 
26  17 
17  12 

13  15 

As  shown  above,  the  apparent  Hnkage  observed  between  genes 
located  in  different  chromosomes  in  translocations  is  due  to  the  inviability 
of  the  recombination  classes  carrying  duplications  and  deficiencies  (Fig.  1). 
This  apparent  linkage  provides  a  possibility  of  determining  genetically 


sp 


px 


oil 


dp! 


,pr 


± 


m 


+  i=  ?= 


•■'fll':: 

•^11-" 

"■'% 

5+ 

cu 

h 

ru 

e 

/ 

CO 

y 

/ 

Fig.  2. — Determination  of  the  points  at  which  chromosomes  are  broken  in  transloca- 
tions. A  translocation  carrying  female  heterozygous  for  a  series  of  genes  (left)  is  crossed 
to  a  male  free  from  the  translocation  and  homozygous  for  the  respective  genes  (right). 

the  loci  at  which  the  chromosomes  were  broken  and  reattached  in  trans- 
locations, provided,  of  course,  the  spacing  of  genes  in  normal  chromosomes 
is  known,  as  is  the  case  in  Drosophila.  Translocation  females  are  made 
heterozygous  for  a  series  of  genes  located  in  both  chromosomes  involved, 
and  are  back-crossed  to  normal  males  homozygous  for  the  same  series  of 
genes   (Fig.  2).     Crossing  over  takes  place  between  the  chromosomes 
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involved  in  the  translocation  and  their  normal  homologues.  Figure  2 
represents  a  translocation  in  which  both  the  second  (black)  and  the  third 
chromosomes  (stippled)  are  broken  at  the  middle,  and  halves  of  these 
chromosomes  are  exchanged.  It  is  obvious  that  in  such  a  case  the 
strongest  linkage  would  be  observed  between  the  genes  cm  and  c,  and 
between  st  and  pr,  indicating  that  breakages  have  taken  place  between 
these  genes.  By  this  method  the  loci  at  which  chromosomes  have  been 
broken  in  translocations  may  be  determined  and  entered  on  the  genetic 
maps  of  these  chromosomes.  Cytological  investigation  of  individuals 
carrying  translocations  gives  independent  evidence  for  the  correctness 
of  the  interpretation  reached  on  the  basis  of  genetic  studies. 

As  shown  in  the  foregoing,  deficiencies  and  duplications,  provided 
they  are  viable,  can  be  obtained  in  the  offspring  of  translocations. 
Painter  and  Muller  (98)  proposed  a  convenient  direct  method  for  the 
detection  of  duplications  for  sections  of  the  A'^-chromosome  of  Drosophila 
melanog aster.  Wild-type  males  are  treated  with  X-rays  and  crossed  to 
females  having  attached  X-chromosomes,  and  homozygous  for  a  desired 
series  of  sex-linked  recessives.  X-ray  treatment  causes  fragmentation 
of  the  X-chromosome  in  some  of  the  spermatozoa  of  the  treated  males. 
Some  of  the  fragments  are  lost.  Such  spermatozoa  may  fertilize  eggs 
carrying  the  two  attached  X's  (the  attached-X  females  produce  two 
kinds  of  eggs:  those  carrying  two  attached  X-chromosomes,  and  those 
carrying  a  F-chromosome,  L.  V.  Morgan,  69).  The  result  is  the  produc- 
tion of  zygotes  having  two  complete  X's  (coming  from  the  mother), 
and  a  fragment,  a  duplication,  of  a  third  X  (coming  from  the  father). 
Such  zygotes  can  be  recognized  by  the  suppression  of  some  of  the  reces- 
sives located  in  the  attached  X's  by  the  dominant  allelomorphs  located 
in  the  duplication. 

In  an  experiment  of  the  writer,  wild-type  treated  males  were  crossed 
to  attached-X  females  homozygous  for  the  sex-linked  recessives  y,  W,  ec, 
and  /.     The  following  offspring  were  obtained : 


y  w  ecf  9 
Wild-type  cf 
Superfemales 
Wild-type   9 
y  W  ecfd' 


Duplication 
Duplication 
Duplication 
Duplication 
Duplication 


iV^  ecf  9 
ecf  9 
f  9 

Wild-type  9 
y  W  ec  9 


8 
9 
6 
1 
1 


The  normal  offspring  are  y  w"  ec  f  females  and  wild-type  males;  wild- 
type  females  and  y  w"  ec/  males  are  due  to  the  occasional  detachment  of 
the  X-chromosomes  in  the  mother.  The  w"'  ec/ females  carry  duplicating 
fragments  containing  the  locus  of  y;  the  ec  f  females — a  duplication  for 
y  and  w"' ;  the  /  females — a  duplication  for  y,  w",  and  ec ;  the  y  W  ec  females 
—a  duplication  for  /.  It  is  interesting  to  note  that  the  male  offspring 
of  the  original  duplication  females  crossed  to  any  male  are  invariably 
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sterile  due  to  the  absence  of  the  F-chromosome.  This  indicates  that  the 
fragmentation  of  the  X-chromosome  by  X-rays  is  produced  in  spermatids 
or  spermatozoa,  but  not  in  the  spermatogonia  or  spermatocytes. 

Patterson  (100,  101,  102,  103,  106,  107)  showed  that,  owing  to  the 
fact  that  chromosomes  are  already  split  in  some  of  the  spermatozoa  at 
the  time  of  treatment,  mosaic  individuals  occur  in  the  progeny  of  X-ray- 
treated  flies.  Such  mosaics  carry  in  a  half  of  their  bodies  two  normal 
X-chromosomes,  and  in  the  other  half  one  complete  X,  and  another  X, 
a  fragment  of  which  is  lost.  If  the  normal  X  carries  sex-linked  recessive 
genes  and  the  treated  X-chromosome  is  wild-type,  such  mosaic  individuals 
are  readily  recognizable.  Patterson  found  that  if  a  small  section  of  the 
X-chromosome  is  lost,  the  mosaic  fly  is  completely  female,  but  if  the 
deficiency  is  sufficiently  long  the  mosaic  becomes  a  gynandromorph, 
the  part  of  the  body  carrying  the  deficiency  being  male. 

Sturtevant  (131,  133)  proved  that  the  majority  of  the  so-called 
"factors  suppressing  crossing  over"  in  the  chromosomes  in  which  they 
lie  are  actually  inversions  of  sections  of  these  chromosomes.  Inversions 
with  which  Sturtevant  has  worked  were  either  found  in  nature  or  arose 
spontaneously.  Muller  (72),  Serebrovsky  and  his  coworkers  (120), 
Serebrovsky  (118),  Oliver  (90)  and  others  found  that  inversions  arise 
frequently  as  a  result  of  X-ray  treatment.  Inversions  are  detected 
through  a  reduction  of  crossing  over  produced  by  them  in  the  chromo- 
somes affected.  The  laboriousness  of  this  method  is,  no  doubt,  responsi- 
ble for  the  fact  that  up  to  now  we  possess  no  systematic  data  on  the 
frecjuency  of  the  induced  inversions. 

THE  MODE  OF  ORIGIN  OF  CHROMOSOMAL  REARRANGEMENTS 

A  number  of  investigators  have  obtained  data  relating  to  the  problem 
of  the  mechanism  of  the  origin  of  the  spontaneous  and  the  induced 
chromosome  rearrangements.  An  extensive  study  on  the  relation 
between  the  intensity  of  the  X-ray  treatment  and  the  frequency  of  induced 
chromosome  rearrangements,  and  that  of  the  induced  mutations  was 
made  in  Drosophila  melanog aster  by  Oliver  (87,  89,  90).  Oliver  applied 
five  different  dosages  of  X-rays  {h  to  fie),  which  can  be  arranged  in  a 
series  in  which  every  following  member  is  twice  as  great  as  the  preceding 
one.  The  minimum  dosage  {t\)  was  equal  to  about  385  r-units.  The 
results  of  one  of  Oliver's  experiments,  in  which  only  sex-linked  lethals 
and  only  those  chromosomal  rearrangements  which  are  associated  with 
lethals  were  detected,  are  summarized  in  Table  2. 

The  results  of  this  and  of  other  experiments  show  that  the  frequency 
of  both  induced  mutations  and  chromosome  rearrangements  is  directly 
proportional  to  the  amount  of  treatment.  The  possibility  that  higher 
dosages  produce  a  somewhat  disproportionally  great  effect  on  chromo- 
somal rearrangements  does  not  seem,  however,  excluded. 
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Table  2. — The  Amount  of  Treatment,  the  Frequency  of  Induced  Mutations, 
AND  the  Frequency  of  Chromosomal  Rearrangements 

After  Oliver 


Percentage  of 

Percentage  of 

Dosage 

lethal 

chromosomal 

mutations 

rearrangements 

i.6 

16.09 

5  52 

ti 

9.87 

2.43 

U 

4.90 

0.35 

ti 

3  23 

0.40 

ti 

1.42 

0.075 

Control 

0.24 

The  relation  of  the  frequency  of  translocations  involving  specific 
chromosomes  to  the  length  of  these  chromosomes  was  studied  by  Muller 
and  Altenburg  (78),  Shapiro  (122),  and  by  Patterson,  Stone,  Bedichek, 
and  Suche  (109).  Translocations  between  the  second  and  the  third 
chromosomes,  which  are  the  longest  in  Drosophila  melanog aster,  are  by 
far  the  most  frequent.  On  the  other  hand,  the  comparatively  short 
X-chromosome  and,  especially,  the  minute  fourth  are  involved  much  less 
frequently.  No  exact  quantitative  relation  can  be  established  between 
these  variables,  but  it  is  still  clear  that  the  longer  a  chromosome  the 
more  likely  it  is  to  break  due  to  the  effects  of  X-rays.  Whether  a  chromo- 
some is  equally  likely  to  break  at  any  level  or  there  exist  "weak  spots" 
where  breakages  are  most  frequent  is  an  open  question.  There  are  some 
indications  that  certain  regions  (the  vicinity  of  the  spindle  fibers)  break 
especially  frequently.  This  has  been  recently  proved  by  Patterson, 
Stone,  Bedichek,  and  Suche  (109).  Their  very  extensive  data  show  that 
a  majority  of  breaks  occurs  in  the  vicinity  of  free  and  spindle-fiber  ends 
of  the  chromosomes.  Shapiro  (122)  found  that  the  frequency  of  trans- 
locations is  highest  in  the  portion  of  the  sperm  produced  by  males  imme- 
diately after  an  X-ray  treatment  and  decreases  in  further  portions.  The 
chromosomes  in  the  mature  spermatozoa  seem,  therefore,  more  liable 
to  break  than  those  in  the  spermatocytes  or  spermatogonia. 

The  precise  mechanism  whereby  chromosomes  are  broken  and 
reattached  is  a  matter  of  conjecture  at  the  present.  Belling  (9)  supposed 
that  translocations  arise  owing  to  the  "segmental  interchange"  or 
"illegitimate  cro.ssing  over  between  nonhomologous  chromosomes." 
Muller  (72),  Painter  and  Muller  (98),  and  Dobzhansky  (26)  suggested 
that  chromosomes  may  stick  together  in  certain  places  owing  to  the 
effects  of  X-rays,  and  may  be  subsequently  broken  by  the  action  of  the 
spindle  fibers.  Serebrovsky  (117)  and  Dubinin  (40)  elaborated  this 
suggestion  to  explain  the  origin  not  only  of  translocations  but  of  inver- 
sions and  even  point  mutations  as  well.     The  difference  between  this 
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scheme  and  that  of  Belhng  consists  merely  in  that  according  to  BelUng 
only  reciprocal  translocations  and  inversions,  but  no  simple  translocations, 
can  be  produced.  A  third  possibility  is  that  chromosomes  are  frag- 
mented by  X-rays,  and  the  fragments  possessing  no  spindle  fiber  are 
either  lost  or  somehow  attached  to  other  chromosomes.  Fragmentation 
of  chromosomes  due  to  X-rays  was,  indeed,  observed  even  before  the 
discovery  of  inheritable  chromosome  rearrangements  (Hertwig,  53; 
Mohr,  67;  Alberti  and  Politzer,  1).  Direct  cytological  observations  on 
chromosomes  in  treated  cells  would  seem  the  logical  way  toward  a 
solution  of  these  problems. 

Lewitsky  and  Araratian  (59)  studied  the  effects  of  irradiation  on 
chromosomes  in  root  tips  of  Crepis  and  other  plants,  employing  various 
intervals  of  time  after  treatment.  They  observed  secondary,  tertiary, 
and  even  quaternary  reconstructions  of  the  chromosome  apparatus. 
This  suggests  that  an  X-ray  treatment  may  have  an  aftereffect  on  the 
production  of  chromosome  rearrangements.  Since  no  aftereffect  is  pro- 
duced on  gene  mutations  (Timofeeff-Ressovsky,  135),  further  observa- 
tions are  much  needed.  Lewitsky  and  Araratian  describe  no  pictures 
suggesting  a  rupture  of  chromosomes  due  to  their  sticking  together,  but 
neither  have  they  seen  a  union 'between  fragments  once  separated. 

The  problem  of  the  existence  of  simple  translocations  is  likewise  not 
settled.  In  plants,  especially  in  maize  and  Oenothera,  all  known  trans- 
locations are  reciprocal,  though  the  exchanged  sections  may  be  extremely 
unequal  in  length.  Many  reciprocal  translocations  are  known  in 
Drosophila  (Sturtevant  and  Dobzhansky,  134;  Dobzhansky  and  Sturte- 
vant,  36;  Bolen,  11;  Oliver  and  Van  Atta,  91;  and  others),  but  other 
translocations  seem  to  be  simple  (Muller  and  Painter,  80;  Muller,  76; 
Dobzhansky,  25,  29,  32;  and  others).  Both  reciprocal  and  simple 
translocations  occur  in  Orthoptera  (Nabours  and  Robertson,  84;  Helwig, 
52).  It  should,  however,  be  kept  in  mind  that  what  appears  to  be  a 
simple  translocation  may  actually  be  a  reciprocal  one,  involving  an 
exchange  of  extremely  unequal  sections.  The  fact  that  the  very  small 
fourth  chromosome  may  participate  in  reciprocal  translocations  (Bolen, 
11)  is  very  suggestive  in  this  respect.  The  introduction  of  the  method 
of  studying  chromosomes  in  the  salivary  glands  of  Drosophila  (see  below) 
may  be  expected  to  bring  a  final  solution  of  this  problem. 

Although  the  possibility  that  all  translocations  are  reciprocal  is  not 
excluded,  it  has,  certainly,  not  been  proved  conclusively.  Some  data 
argue  rather  against  it.  Dobzhansky  (32)  studied  nine  translocations 
involving  transfers  of  sections  of  the  second  chromosome  to  the  F-chro- 
mosome  of  Drosophila.  If  these  translocations  were  reciprocal,  a  section 
of  the  Y  should  be  found  in  every  case  attached  to  the  remnant  of  the 
second  chromosome.  Since  the  F-chromosome  is  a  long  one,  these 
sections  might  be  expected  to  be  cytologically  visible  in  at  least  some 
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cases.  This  is  not  so.  Hence,  either  these  translocations  are  simple,  or 
the  Y  is  especially  likely  to  break  very  close  to  one  of  its  ends.  Since  the 
discovery  by  Patterson,  Stone,  Bedichek,  and  Suche  (109)  that  chromo- 
somes are  likely  to  break  near  the  free  ends,  this  argument  loses  some  of 
its  force. 

The  possibihty  of  the  so-called  "lateral  attachment"  of  chromosome 
fragments  suggests  also  that  simple  translocations  do  occur.  By  lateral 
attachment  is  meant  an  attachment  of  a  fragment  not  to  an  end  of  a 
broken  or  an  unbroken  chromosome,  but  to  its  side.  Lateral  attach- 
ments lead  to  formation  of  branched  (Y-shaped)  chromosomes.  The 
existence  of  a  lateral  attachment  is  conclusively  proved  genetically  in  one 
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Fig.  3. — A,  the  second  chromosome  (stippled)  and  the  third  chromosome  (black)  of  a 
normal  Drosophila  melanogaster;  B,  the  second  and  third  chromosomes  of  an  individual 
carrying  a  translocation  in  heterozygous  condition;  C,  same  of  an  individual  homozygous 
for  the  same  translocation.  Below — chromosome  plates  of  each  of  these  three  kinds  of 
individuals. 

of  the  translocations  in  Drosophila  (Sturtevant's  ^'-translocation — 
Dobzhansky  and  Sturtevant,  36),  and  has  been  observed  cytologically  in 
Allium  (Levan,  57).  Translocations  involving  lateral  attachments  can 
be  reciprocal  only  if  a  very  short  section  of  the  recipient  chromosome  is 
excised  interstitially,  and  both  the  free  end  of  the  recipient  chromosome 
and  a  fragment  of  the  donor  chromosome  are  attached  to  the  broken  end 
thus  made  available.  An  excision  of  a  chromosome  section  and  an  inter- 
calation of  a  section  of  another  chromosome  in  its  place  have,  to  be  sure, 
been  observed  in  Drosophila  (Oliver,  88,  and  an  undescribed  translocation 
studied  by  Sturtevant,  which  has  the  chromosome  structure  shown  in 
Fig.  3). 
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The  discovery  of  crossing  over  in  Drosophila  males  induced  by  X-rays 
(Patterson  and  Suche,  110;  Friesen,  42)  may  conceivably  have  a  bearing 
on  the  problem  of  the  origin  of  induced  translocations.  Since,  however, 
in  this  case  breakages  and  reattachments  take  place  in  chromosomes 
homologous  to  each  other,  and  apparently  always  at  the  same  level,  a 
comparison  of  the  crossing  over  in  the  male  with  translocation  is  very 
hazardous. 

PERMANENCE  OF  SPINDLE  FIBERS 

The  location  of  the  attachments  of  the  spindle  fibers  in  the  chromo- 
somes of  Drosophila  melanog aster  was  determined  before  the  discovery 
of  the  cytologically  visible  translocations  and  other  chromosomal  rear- 
rangements. At  anaphases  and  telophases  the  spindle  attachments  lie 
closest  to  the  poles  of  the  spindle,  and  the  free  ends  of  the  chromosomes 
are  directed  away  from  the  poles.  Recently  Kaufmann  (56)  has  made 
a  more  exact  cytological  determination  of  the  location  of  the  spindle 
attachments  by  observing  the  achromatic  breaks  in  the  prophase  chromo- 
somes. In  the  large  V-shaped  autosomes  (the  second  and  the  third 
chromosomes)  the  spindle  attachments  lie  at  the  apices  of  the  V's,  in  the 
J-shaped  F-chromosome  at  the  junction  of  the  two  limbs,  and  in  the  X- 
and  the  fourth  chromosomes  the  attachments  are  subterminal. 

The  localization  of  the  spindle  attachments  was  determined  geneti- 
cally by  Bridges  and  Morgan  (19)  on  the  basis  of  distribution  of  double 
cross-overs,  by  L.  V.  Morgan  (70),  Anderson  (4),  and  Redfield  (111,  112) 
from  data  on  equational  exceptions,  by  Stern  (126,  127)  from  studies  on 
the  interactions  of  bobbed  allelomorphs  located  in  the  X-  and  F-chrorao- 
somes,  by  Sturtevant  (131,  133)  and  Dobzhansky  (24,  26,  28,  29)  from 
disturbances  of  crossing  over  produced  by  inversions  and  translocations, 
and  by  Bolen  (11)  by  observing  duplications  for  sections  of  the  fourth 
chromosome.  The  location  of  the  spindle  attachments  in  terms  of  the 
genetic  maps  of  chromosomes  is  shown  in  Figs.  3,  5,  and  6.  The  results 
of  the  cytological  studies  on  translocations  completely  corroborated  the 
earlier  determinations  of  the  location  of  the  spindle  attachments  based  on 
purely  genetic  data.  In  every  case  in  which  breakages  of  chromosomes 
were  found  genetically  to  lie  close  to  the  genetic  loci  of  the  spindle 
attachments,  cytological  studies  showed  the  chromosomes  to  be  broken 
near  the  attachment  constrictions  (MuUer  and  Painter  80,  81;  Dob- 
zhansky 24,  26,  27,  29,  31,  32). 

The  discovery  of  translocations  and  other  chromosome  rearrange- 
ments which  produced  visible  alterations  of  chromosomes  furnished  a 
method  for  an  experimental  attack  on  the  problem  of  permanence  of 
spindle  attachments.  Some  inverted  sections  were  found  to  involve 
genes  lying  on  both  sides  of  the  attachment  constrictions.  In  such 
inversions  in  the  second  chromosomes  of  Drosophila  the  loci  of  the  spindle 
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attachments  are  sometimes  transferred  from  the  middle  to  one  of  the  ends 
of  the  genetic  chromosome.  Individuals  carrying  these  inversions  were 
found  cytologically  to  possess  very  long  rod-shaped,  or  J-shaped,  second 
chromosomes  instead  of  the  normal  V-shaped  ones  (Van  Atta,  136,  137; 
Schultz  and  Dobzhansky,  116).  Since  the  shape  of  a  chromosome  at  the 
equatorial  plate  stage  is  determined  by  the  location  of  the  attachment 
constriction  (the  latter  being  directed  toward  the  center  of  the  plate,  and 
the  free  end  of  the  chromosome  toward  the  periphery),  these  results 
suggest  that  the  spindle  attachment  is  a  permanent  feature  of  the 
organization  of  chromosomes. 

Still  more  conclusive  evidence  in  favor  of  the  permanence  of  the 
spindle  attachments  is  afforded  by  comparative  studies  on  various 
translocations.  Chromosomes  are  fragmented  by  X-rays;  some  of  the 
fragments  may  remain  free  and  others  may  reattach  to  different  chromo- 
somes. The  question  is,  then,  whether  a  fragment  not  including  the 
spindle  attachment  of  the  old  chromosome  can  remain  free  and  develop 
a  spindle  attachment  de  novo,  or  whether  two  fragments  both  possessing 
a  spindle  attachment  can  unite  and  form  a  new  chromosome  with  two 
attachments.  This  question  may  be  answered  in  the  negative,  since  no 
such  cases  have  been  encountered,  in  spite  of  the  large  number  of  trans- 
locations analyzed  in  detail.  The  fragments  remaining  free  are  invariably 
those  which  include  the  spindle  attachment  of  the  old  chromosomes,  and 
the  fragments  that  become  attached  to  other  chromosomes  are  fiberless. 
The  only  possible  conclusion  is,  therefore,  that  fiberless  fragments  and 
compounds  having  more  than  one  spindle  attachment  are  eliminated 
because  of  their  inability  to  behave  normally  at  mitosis. 

This  conclusion  seems  to  be  contradictory  to  a  series  of  facts  dealing 
with  compounding  and  fragmentation  of  chromosomes.  Can  two  or 
more  separate  chromosomes  unite  permanently  into  one,  and  can  a 
chromosome  be  broken  into  several  separate  chromosomes?  It  was 
assumed  for  a  long  time  that  such  changes  take  place.  Even  disregarding 
the  temporary  unions  and  fragmentations  of  chromosomes  observed  in 
Ascaris  and  in  the  gametogenesis  of  certain  insects  (which  may  be  an 
entirely  different  phenomenon),  changes  in  chromosome  numbers,  and 
consequently  also  in  the  number  of  spindle  attachments,  undoubtedly 
take  place  in  phylogeny.  Even  within  the  genus  Drosophila  the  chromo- 
some number  varies  from  three  to  six  pairs  (there  being  no  evidence  of 
reduplications  and  los.ses  of  whole  chromosomes),  and  .similar  differences 
are  observed  between  races  oi  Phragmatohia  (Seller),  in  certain  Orthoptera 
(McClung),  and  in  other  species  of  animals  and  plants. 

It  should  be  pointed  out  that  the  evaluation  of  evidence  derived  from 
comparison  of  races  and  species  of  unknown  origin  is  always  a  matter  of 
contention.  An  exact  study  of  the  situation  can  be  carried  through 
only  in  cases  when  a  comparative  genetico-cytological  analysis  of  the 
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alleged  compounding  and  fragmentation  is  practicable.  A  deficiency 
for  the  spindle-fiber-attachment  region  of  a  chromosome  may  produce  a 
fiberless  fragment  which  is  cytologically  indistinguishable  from  the 
normal  chromosome.  Such  a  fragment  may  become  attached  to  another 
chromosome,  thus  simulating  a  permanent  compounding  of  two  whole 
chromosomes.  Formation  of  duplicating  fragments  including  the 
spindle  attachment  may  increase  the  chromosome  number  (Painter  and 
MuUer,  98;  Dobzhansky,  31,  33).  If,  then,  a  translocation  from  one 
of  the  chromosomes  to  the  duplicating  fragment  takes  place,  the  resulting 
chromosome  complement  may  suggest  a  fragmentation  of  a  chromosome 
with  a  de  novo  formation  of  a  spindle  attachment. 

The  only  instance  of  an  apparently  real  permanent  compounding  and 
fragmentation  of  chromosomes  is  the  case  of  the  attached  X-chromosomes 
in  Drosophila  melanogaster.  L.  V.  Morgan  (69)  and  Sturtevant  (133) 
studied  such  spontaneous  attachments  of  the  two  rod-shaped  X's  to  form 
a  single  V-shaped  compound,  and  Anderson  (4)  apparently  induced  it  by 
X-rays.  On  the  other  hand,  L.  V.  Morgan  found  that  the  attached.  X's 
sometimes  fall  apart  spontaneously,  and  Muller  and  Dippel  (79)  increased 
the  frequency  of  this  detachment  by  X-rays.  The  details  of  this  phe- 
nomenon seem  to  be,  however,  obscure  at  the  present,  since  it  is  not 
known  whether  the  free  X-chromosomes  that  emerge  from  the  attached-X 
compound  are  absolutely  identical  with  the  normal  X-chromosomes. 
The  discovery  of  Kaufmann  (56)  that  the  spindle-fiber  attachment 
in  the  X-chromosome  of  Drosophila  melanogaster  is  subterminal,  and  not 
terminal,  as  was  supposed  previously,  makes  a  further  analysis  of  the 
attached-X  case  especially  imperative.  (Such  an  analysis  has  been  carried 
through  by  Kaufmann  (55).  The  detachments  of  the  attached  X's  are 
due  to  crossing  over  between  the  X-  and  F-chromosomes.  Thus,  the 
attached-X  case  can  no  longer  be  cited  as  an  instance  of  compounding 
and  fragmentation  of  chromosomes.) 

CYTOLOGICAL  MAPS 

Chromosomal  rearrangements  are  detected  in  Drosophila,  as  a  rule,  by 
genetic  methods.  Linkages  between  genes  not  usually  manifesting  link- 
age indicate  the  presence  of  translocations;  suppression  of  crossing  over 
is  in  many  cases  evidence  of  the  presence  of  inversions;  suppression  or 
manifestation  of  genes  sometimes  shows  that  duplications  and  deficiencies 
have  arisen.  Not  only  can  the  presence  of  chromosomal  rearrange- 
ments be  detected  but  the  details  of  their  structure  can  also  be  studied 
genetically.  As  has  been  shown,  the  loci  at  which  chromosomes  are 
broken  and  reattached  in  translocations  are  determined  by  the  same 
methods  which  are  used  for  studying  the  loci  of  new  mutant  genes. 
Changes  leading  to  gene  mutations  are,  however,  different  from  chro- 
mosomal rearrangements  in  that  the  former  produce  no  visible  alterations 
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of  chromosomes  while  the  latter  should  at  least  in  certain  cases  do  so. 
The  question  arises  whether  the  genetic  methods  used  for  the  study  of 
chromosomal  rearrangements  are  dependable  in  the  sense  that  the  con- 
clusions arrived  at  by  these  methods  can  be  justified  by  cytological 
observations. 

Stern  (126,  127,  of.  Muller,  74)  was  first  to  discover  cytologically 
alterations  of  the  chromosome  structure  produced  by  translocations 
between  the  X-  and  the  F-chromosomes  of  Drosophila.  He  concluded 
on  the  basis  of  genetic  data  that  in  a  certain  stock  a  fragment  of  the 
F-chromosome  was  attached  to  the  spindle-fiber  end  of  the  Z-chromo- 
some,  near  the  locus  of  the  gene  bobbed.  An  investigation  of  the 
chromosomes  has  shown  this  conclusion  to  be  valid.  Muller  and  Painter 
(80),  Painter  and  Muller  (98),  Dobzhansky  (24,  27),  and  many  other 
authors  on  Drosophila,  and  Nabours  and  Robertson  (84)  on  Apotettix gave 
further  examples  of  the  same  kind.  In  a  series  of  translocations,  genetic 
data  suggested  that  fragments  of  certain  chromosomes  were  attached  to 
other  known  chromosomes.  As  expected,  it  was  found  cytologically 
that  some  chromosomes  were  shorter  than  normal,  and  that  other 
chromosomes  were  increased  in  length  by  about  the  same  amount  of 
material  which  was  subtracted  from  the  former. 

These  results  are  interesting  not  only  because  they  give  an  additional 
proof  of  the  soundness  of  the  fundamental  assumptions  of  modern 
genetics,  but  especially  because  they  furnish  a  method  whereby  certain 
problems  can  first  be  attacked  experimentally.  Among  such  problems 
is  that  of  the  distribution  of  cross-overs  in  the  chromosomes,  and  that 
of  the  nature  and  significance  of  the  genetic  maps. 

Genetic  maps,  first  obtained  for  Drosophila  melanog aster  by  the 
Morgan  school,  are  known  at  present  for  the  chromosomes  of  a  series 
of  species  of  animals  and  plants.  Genetic  maps  show  the  linear  order 
in  which  the  genes  are  arranged  within  the  chromosomes,  and  also  the 
distances  from  one  gene  to  the  other,  expressed  in  terms  of  the  frequencies 
of  crossing  over  between  them.  The  information  used  in  construction 
of  genetic  maps  consists  of  the  data  on  the  degree  of  linkage  exhibited 
by  genes  in  various  combinations.  Consequently,  genetic  maps  are 
merely  a  most  condensed  summary  of  the  available  statistical  data  on 
the  behavior  of  genes  in  different  crosses. 

The  relative  distances  between  the  genes  on  the  genetic  maps  may 
correspond  to  the  actual  spatial  relationships  in  the  chromosomes  only 
provided  the  frequency  of  crossing  over  per  unit  distance  is  constant  in 
all  parts  of  the  chromosomes.  This  proviso  has  never  been  proved; 
hence  it  has  always  been  realized  that  the  genetic  maps  may  give  a 
distorted  conception  of  the  relative  lengths  of  the  different  parts  of  the 
chromosomes  (Bridges  and  Morgan,  19;  Morgan,  Bridges,  and  Sturtevant, 
71;  Muller,  72).     Obviously,  if  crossing  over  per  unit  length  takes  place 
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in  some  regions  of  chromosomes  more  frequently  than  in  others,  the 
former  will  be  represented  relatively  too  long  and  the  latter  too  short 
by  the  genetic  maps. 

The  discovery  of  translocations  and  of  other  rearrangements  produc- 
ing alterations  of  chromosomes  which  are  visible  under  the  microscope 
opens  the  possibility  of  constructing  so-called  cytological  maps  of 
chromosomes.  The  points  at  which  the  chromosomes  are  broken  and 
reattached  in  various  chromosome  rearrangements  can  be  determined 
genetically  by  the  same  methods  which  are  used  for  the  localization  of 
genes.  The  loci  of  breakages  and  reattachments  may,  then,  be  entered 
on  the  genetic  maps,  their  position  in  respect  to,  and  their  distance 
from  the  loci  of  various  genes  being,  thus,  known  (Figs.  3  to  6).  How- 
ever, since,  the  location  of  breakages  and  reattachments  may  also  be 
seen  cytologically,  their  position  can  be  determined  with  respect  to  the 
ends  of  the  chromosomes,  the  spindle  attachments,  and  the  secondary 
constrictions  discovered  in  the  Drosophila  chromosomes  by  Bridges  (18), 
and  studied  further  by  Dobzhansky  (26,  27,  29,  30,  31,  32)  and,  especially, 
by  Kaufmann  (56;  cf.  also  Muller  and  Painter,  81).  If  the  breakages  lie 
genetically  close  to  the  loci  of  known  genes,  one  may  reasonably  assume 
that  the  latter  lie  in  the  chromosomes  in  more  or  less  close  proximity 
to  the  observed  breakage  points.  The  correlation  between  the  genetic 
and  the  cytological  maps  of  a  given  chromosome  is  hereby  established. 
A  cytological  map  may  be  defined  as  one  which  shows  the  location  of 
various  genetically  determinable  points  in  the  microscopically  visible 
chromosomes. 

The  localization  of  the  four  linkage  groups  of  genes  in  the  four  pairs 
of  chromosomes  of  Drosophila  melanogaster  was  established  by  Bridges 
(12,  15)  who  showed  that  the  rod-shaped  X-chromosomes  are  carriers 
of  the  sex-linked  genes,  and  that  the  small  fourth  chromosomes  carry 
the  fourth  linkage  group.  The  two  large  V-shaped  autosomes  must 
therefore,  carry,  the  second  and  the  third  linkage  groups,  respectively. 
These  autosomes  are  noticeably  unequal  in  length  and  also  differ  from 
each  other  in  the  prominence  of  certain  constrictions.  Dobzhansky 
(24,  27)  found  that  in  translocations  involving  the  third  linkage  group 
the  longer  pair  of  V-shaped  chromosomes  is  visibly  changed  (Fig.  6), 
and  in  those  involving  the  second  linkage  group  the  shorter  pair  is  altered. 
Hence,  the  longer  of  these  is  the  third  chromosome,  and  the  shorter  is 
the  second  chromosome  (Figs.  3  and  6). 

The  cytological  map  of  the  .Y-chromosome  of  Drosophila  melanogaster 
was  studied  by  Painter  and  Muller  (98),  Painter  (93,  94),  Muller  and 
Painter  (81),  Dobzhansky  (31,  33)  and  Sivertzev-Dobzhansky  and 
Dobzhansky  (124).  Probably  the  most  interesting  fact  revealed  by 
these  studies  is  that  the  proximal  one-third  of  the  length  of  the  chromo- 
some contains  but  a  single  known  gene,  namely,  bobbed  (the  stippled 
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part  of  the  chromosome  in  Fig.  4).  This  part  of  the  chromosome  is 
called  the  inert  region.  Little  crossing  over  takes  place  within  this 
region  (for  its  genetic  length  is  extremely  small),  no  mutations  except  at 
the  locus  of  bobbed  have  been  observed,  and  individuals  in  which  this 
region  is  deficient  survive  at  least  as  heterozygotes,  while  deficiencies  for 
sections  of  similar  lengths  in  other  chromosomes  are  invariably  lethal. 
Nevertheless,  the  part  of  the  chromosomes  occupied  by  the  inert  region 
appears  quite  normal  cytologically,  and  translocations  and  inversions 
are  known  to  involve  break- 
ages of  the  chromosome  in 
this  region.  Since  bobbed  is 
the  only  known  sex-linked 
gene  having  an  allelomorph 
in  the  F-chromosome,  and 
since  the  F-chromosome  is 
also  composed  of  genetically 
inert  material,  the  inert 
region  of  the  X  is  probably 
homologous  to  a  section  of 
the  F-chromosome.  The 
function  of  the  inert  region 
in  the  germ  plasm  is  not 
definitely  known.  It  is  this 
region  of  the  X-  which  pairs 
with  the    F-  chromosome    at 

meiosis,   and   this   fact   makes  p,^.  4.-Cytological  maps  of  the  chromosomes  of 

it    tempting    to    suppose   that    DrosophUa   melanogaster,   showing  the  approximate 

its     function     is     to     insure  l^^f'^Ve^L^fr.ir^^^^ 

(sj).  llie  inert  region  of  the  A -chromosome  repre- 
normal  pairing  and  disjunc-  sented  by  the  stippled  portion  of  the  rod-shaped 
tion  of  thp  X-V  nnir  of  rhra  chromosomes.  The  longer  V-shaped  chromosomes 
lion  01   tne  A-r    pair  Ol  cnro-    (igf^^    ^^^   ^^e   third   chromosomes;    the   shorter  V- 

mOSOmeS  in  male  gametOgen-  shaped  chromosomes  (right)  are  the  second  chromo- 
esis.      No     inert     regions     are    «o°^es;tte  smallest  pair,  the  fourth  chromosomes. 

SO  far  known  in  the  autosomes  of  DrosophUa,  but  the  data  now  available 
are  insufficient  to  exclude  the  possibility  that  short  genetically 
inert  regions  may  be  present  there.  (This,  indeed,  has  been  proved 
to  be  the  case  by  Heitz  (49,  50),  who  discovered  that  the  middle 
sections  of  the  second  and  third  chromosomes,  adjacent  to  the  spindle 
attachments,  behave  in  prophases  differently  from  the  remaining  parts 
of  these  chromosomes,  and  similarly  to  the  inert  region  of  the  X-chromo- 
some.  These  sections  are,  then,  probably  inert  in  the  same  sense  as 
the  proximal  third  of  the  Z-chromosome  is  inert.  Whether  or  not  the 
loci  of  some  of  the  known  genes  are  located  in  these  inert  regions  (as 
suggested  by  our  cytological  maps,  Fig.  4)  remains  to  be  seen.  If  this 
were  true,  the  "inertness"  of  these  regions  would  not  be  disproved. 
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just  as  the  presence  of  the  gene  bobbed  in  the  inert  region  of  the  X-chromo- 
some  does  not  constitute  a  contradiction  of  terms.) 

The  distal  two-thirds  of  the  X-chromosome  may  be  called  the  active 
region,  since  all  the  numerous  sex-linked  genes  of  Drosophila  except 
bobbed  are  located  there.  A  comparison  of  the  genetic  and  cytological 
maps  of  this  region  (Figs.  4  and  5)  shows  that  the  linear  order  of  genes 
on  the  genetic  map  is  similar  to  that  in  the  actual  chromosome.  A 
striking  discrepancy  is  observed  if  the  relative  distances  between  genes 
on  the  genetic  and  the  cytological  maps  are  compared.  The  genetic 
distance  between  the  loci  of  y  and  w  equals  1.5  map  units,  the  whole 
chromosome  being  about  70  map  units  long  (Fig.  5).  Cytologically, 
the  y-w  distance  is  equal  to  about  one-fifth  of  the  active  region.     The 
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Fig.  5. — Comparison  of  the  genetic  and  cytological  maps  of  the  third  (III),  second  (II), 
and  X-chromosomes  (X)  of  Drosophila  melanogaster.  C,  the  cytological  map;  G,  the  genetic 
map.     Figures  indicate  the  genetic  distances  in  map  units. 

discrepancy  is  obvious.  On  the  other  hand,  the  w-g  interval  (Fig.  5) 
which  constitutes  considerably  more  than  a  half  of  the  length  of  the 
genetic  map  is  less  than  one-fourth  of  the  cytological  chromosome. 

The  cytological  maps  of  the  second  and  third  chromosomes  were 
studied  by  Muller  and  Painter  (80)  and  by  Dobzhansky  (24,  25,  26,  27, 
29,  32).  In  both  chromosomes  the  linear  seriation  of  genes  was  found 
to  be  identical  in  the  genetic  and  the  cytological  maps  (Figs.  4  to  6). 
This  corroborates  the  hypothesis  of  the  linear  arrangement  of  genes  within 
the  chromosomes  which  was  advanced  by  Morgan  and  by  Sturtevant, 
and  which  for  years  has  been  one  of  the  main  working  hypotheses  in 
genetics.  But  again,  similar  to  the  condition  found  in  the  X-chromo- 
some,  the  relative  distances  between  genes  on  the  genetic  and  the  cytologi- 
cal maps  of  the  second  and  third  chromosomes  appear  to  be  widely 
different.  In  both  chromosomes  the  genes  lying  near  the  spindle  attach- 
ments are  relatively  much  farther  apart  on  the  cytological  than  on  the 
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genetic  map.  Thus,  the  distance  between  the  third  chromosome  genes 
sf  and  cu  (Figs.  4  to  6)  is  equal  to  six  map  units  or  about  one-eighteenth 
of  the  total  length  of  the  genetic  map.  The  st-cu  interval,  however,  is 
no  less  than  one-fifth  of  the  chromosome  cytologically.  The  genetic 
distances  between  the  second  chromosome  loci  It,  rl,  and  tk  are  very  small, 
being  equal  to  fractions  of  one  map  unit,  or  less  than  one-hundredth 
of  the  genetic  map.  Cytologically  this  region  amounts  to  about  one- 
fourth  of  the  chromosome.  The  h-lt  interval  is  shorter  than  one-fifteenth 
of  the  length  of  the  genetic  chromosome,  but  longer  than  one-fourth 
of  its  cytological  map. 

The  distances  between  the  genes  located  near  the  middle  of  either 
limb  of  the  second  and  the  third  chromosomes  are  relatively  much  longer 
genetically  than  cytologically.  For  instance,  the  cn-px  and  the  dp-h 
intervals  in  the  second  chromosome  constitute  each  about  one-third 
of  the  whole  genetic  map,  but  cytologically  the  length  of  these  intervals 
is  almost  negligibly  small  (Figs.  4  and  5).  Finally,  the  distances  betw^een 
the  genes  lying  close  to  the  right  end  of  the  second  chromosome,  and 
probably  also  close  to  its  left  end,  are  again  somewhat  longer  cytologically 
than  expected  on  the  basis  of  the  genetic  map  (the  px-sp  and  bw-sp 
intervals.  Fig.  5).  Whether  the  same  relation  holds  true  for  the  third 
chromosome  is  as  yet  not  clear,  because  the  number  of  known  breaks  in 
the  end  regions  of  this  chromosome  is  too  small. 

The  cytological  location  of  genes  in  the  small  fourth  chromosome  was 
studied  by  Bolen  (11).  In  a  translocation  this  chromosome  was  broken, 
the  fiberless  fragment  became  attached  to  the  X-chromosome,  and  a 
fragment  of  the  X  became  attached  to  the  remaining  part  of  the 
fourth  which  preserved  its  spindle  fiber.  Duplications  for  either  part  of 
the  fourth  chromosome  are  viable,  and  this  enabled  Bolen  to  show  that 
the  gene  bent  is  located  closer  to  the  spindle  fiber  than  the  gene  eyeless 
(Fig.  4). 

As  suggested  above,  the  discrepancies  between  the  genetic  and  the 
cytological  determinations  of  the  relative  distances  between  genes  are 
due  to  the  variable  frequency  of  crossing  over  per  unit  length  in  the 
different  parts  of  the  chromosomes.  In  spite  of  the  fact  that  the  present 
knowledge  of  the  cytological  maps  leaves  much  to  be  desired,  a  comparison 
of  the  genetic  and  cytological  maps  of  the  respective  chromosomes  even 
now  suggests  certain  interesting  generalizations.  In  the  vicinity  of  the 
spindle  fiber  attachments  the  frequency  of  crossing  over  per  unit  of 
the  absolute  distance  is  low,  and  consequently  the  genetic  distances  are 
much  less  than  the  cytological  ones  (the  inert  region  of  the  X,  the  b-cn 
interval  in  the  second,  and  the  D-cu  interval  in  the  third  chromosome). 
In  the  regions  more  remote  from  the  spindle  attachments,  but  not  too 
close  to  the  ends  of  the  chromosomes,  the  frequency  of  crossing  over  is 
high,  hence  the  genetic  distances  are  relatively  greater  than  the  cytologi- 
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{•111  ones  {w-r  interval  in  the  A',  dp-h  and  cn-px  intervals  in  the  second, 
ru-D  interval  in  the  third  chromosome).  Finally,  crossing  over  near 
the  free  ends  of  the  chromosomes  is  again  infrequent,  resulting  in  the 
genetic  distances  being  relatively  too  small  (the  y-w  interval  in  the  X, 
px-sp,  and,  probably,  al-dp  intervals  in  the  second  chromosome;  in  the 
third  chromosome  the  situation  in  this  respect  is  not  clear).  The  signifi- 
cance of  these  regularities  in  the  distribution  of  cross-overs  along  the 
chromosomes  is  as  yet  a  matter  of  speculation,  but  the  importance  of 
these  facts  for  any  theory  of  crossing  over  is  obvious. 

A  knowledge  of  the  cytological  maps  throws  light  on  the  phenomenon 
of  crowding  of  genes  in  certain  regions  of  genetic  maps.  The  genetic 
maps  of  Drosophila  melanogaster  (and  also  of  other  species)  show  "clus- 
ters" of  known  mutant  genes  located  very  close  to  each  other,  and  rela- 
tively long  empty  spaces  in  which  genes  seem  to  be  scarce.  At  first 
glance  this  phenomenon  might  suggest  that  genes  in  certain  regions  of 
the  chromosomes  are  rather  more  likely  to  mutate,  while  other  regions 
are  more  stable.  The  crowding  of  genes  proves  to  be,  however,  an  illu- 
sion due  to  variable  frequencies  of  crossing  over.  The  regions  of  the 
genetic  maps  showing  clusters  of  genes  are  exactly  those  which  are 
relatively  much  longer  cytologically  than  they  are  represented  by  the 
genetic  maps.  Conversely,  the  spaces  with  apparently  few  genes  corre- 
spond to  relatively  very  short  sections  of  chromosomes.  If  the  maps  are 
drawn  on  the  cytological  scale,  the  distribution  of  genes  becomes  more 
or  less  uniform.  Whether  this  distribution  is  completely  random  cannot 
be  decided  at  present,  because  of  the  incompleteness  of  the  cytological 
maps.  The  inert  region  in  the  X,  which,  in  spite  of  its  considerable 
length,  contains  only  a  single  known  gene  is  certainly  an  exception  to 
this  rule.  It  should  also  be  remembered  that  the  cytological  maps  now 
available  in  Drosophila  are  constructed  exclusively  on  the  basis  of  studies 
of  metaphase  chromosomes.  It  is  entirely  possible  that  if  the  chromo- 
somes at  other  stages  of  the  life  cycle  (especially  at  prophase)  were 
studied  we  might  obtain  cytological  maps  which  would  be  somewhat 
different  from  those  known  at  present. 

Our  knowledge  of  the  cytological  maps  in  Drosophila  has  entered  into 
a  new  period  of  development  owing  to  the  introduction  by  Painter 
(95,  96,  97)  of  the  method  of  studying  chromosomes  in  the  salivary  gland 
cells.  As  shown  by  a  number  of  investigators,  notably  by  Heitz  and 
Bauer  (51),  the  chromosomes  in  the  cells  of  the  salivary  glands  in  Diptera 
grow  to  enormous  dimensions  (compared  with  the  chromosomes  in 
oogonia  or  nerve  cells),  and  become  long  and  relatively  narrow  cylinders, 
consisting  of  alternating  light  and  dark  disks  or  cross  bands  of  various 
thicknesses,  and  showing  a  number  of  constrictions  and  inflated  places. 
The  bandings  and  other  characteristics  are  constant  in  their  relative 
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positions,  so  that  not  only  the  different  chromosomes  but  even  their 
rather  minute  sections  can  be  recognized  and  identified. 

In  Drosophila,  all  the  chromosomes  of  a  nucleus  become  attached 
together  at  the  spindle  fibers  to  the  so-called  chromocenter — a  foamy 
mass  showing  no  clear  cross  striations,  and  formed  by  an  involution  of 
the  inert  regions  of  all  the  chromosomes  (Heitz,  49,  50;  Painter,  95,  96). 
Moreover,  in  the  salivary  glands  of  the  grown-up  larvae  and  young  pupae 
the  homologous  chromosomes  undergo  a  process  of  very  intimate  pairing 
which,  at  least  superficially,  resembles  the  meiotic  pairing.  The  pairing 
is  remarkably  accurate  so  that  the  homologous  bands  are  closely  apposed 
to  each  other.  This  pairing  is  especially  advantageous  for  studying 
chromosome  rearrangements,  since  it  enables  one  to  determine  the  loca- 
tion of  breaks  and  reattachments  with  a  hitherto  undreamed  degree  of 
accuracy  (Painter,  96,  97). 

The  relative  distances  between  various  genes  on  the  cytological  maps 
built  on  the  basis  of  the  salivary  gland  chromosomes  are  sometimes  differ- 
ent from  those  on  the  ordinary  cytological  maps  (Painter,  97).  This 
is  due  primarily  to  the  practical  disappearance  of  the  inert  regions  of 
the  chromosomes  which  are  included  in  the  chromocenter  in  the  salivary- 
gland  cells,  but  also  to  some  other  differences  thus  far  not  understood. 

The  possibilities  open  by  the  salivary-gland-chromosome  method  can- 
not be  overestimated,  as  shown  already  by  the  results  of  Painter  and 
others.  Very  small  deficiencies,  duplications,  and  inversions  can  be 
detected,  and  their  extent  can  be  studied.  It  is  tempting  to  suppose  that 
each  of  the  disks  composing  the  salivary-gland  chromosomes  has  a  definite 
relationship  to  a  single  gene.  Even  if  this  supposition  proves  to  be  far 
too  crude,  the  problem  of  the  possible  effect  of  the  apparent  and  real 
point  mutations  on  the  cytologically  visible  chromosomes  can  at  last  be 
approached.  Finally,  a  comparison  of  the  salivary-gland  chromosomes 
in  closely  related  species  may  give  some  much  needed  information  on  the 
nature  of  specific  differences. 

CYTOLOGICAL  DEMONSTRATION  OF  CROSSING  OVER 

Studies  on  cytological  maps  have  afforded  conclusive  proof  of  the 
theory  of  the  linear  arrangement  of  genes  within  the  chromosomes.  A3 
is  well  known,  this  theory  has  been  arrived  at  by  Morgan  on  the  basis 
of  studies  on  crossing  over  in  Drosophila.  Morgan  assumed  that  genes 
are  arranged  in  a  definite  linear  order,  and  that  this  order  is  preserved 
during  the  entire  life  cycle  of  the  cell.  At  gametogenesis,  however, 
the  homologous  chromosomes  exchange  segments,  and  this  process  of 
segmental  interchange  has  its  genetic  expression  in  the  variable  degrees 
of  linkage  exhibited  by  various  genes.  Although  the  whole  development 
of  genetics  since  the  time  when  Morgan  advanced  this  theory  has  justified 
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completely  his  assumptions,  and  although  the  foregoing  observations  on 
the  cytological  maps  have  proved  the  main  corollary  of  Morgan's  theory, 
segmental  interchange  as  the  cytological  basis  of  crossing  over  had  still 
to  be  inferred  from  the  genetic  data.  The  experiments  of  Stern  (128)  on 
Drosophila  and  of  Creighton  and  McClintock  (21)  on  maize  have  filled 
this  gap. 

Stern  (128)  used  in  his  study  two  translocations  in  Drosophila  melano- 
gaster,  one  involving  the  X-  and  the  F-chromosomes,  and  the  other  involv- 
ing the  X-  and  the  fourth  chromosomes.  In  the  former,  a  section  of  the 
Y  is  attached  to  the  spindle  attachment  end  of  the  X,  the  X-chromosome 
appearing  cytologically  as  J-shaped  instead  of  rod-shaped  as  is  normally 
the  case.  In  the  latter  the  X  was  broken  between  the  genes  forked  and 
bar  (cf.  Fig.  4),  the  left  fragment  (y-f)  was  attached  to  the  fourth  chromo- 
some, and  the  right  one  {B-bb)  is  free.  Individuals  carrying  this  trans- 
location have  instead  of  the  normal  X-chromosome  two  rod-shaped 
fragments  of  a  length  equal  to  about  one-half  of  the  normal  X,  and  have 
only  one  instead  of  two  free  fourth  chromosomes  (since  the  other  fourth, 
to  which  a  fragment  of  the  X  is  now  attached,  appears  rod-shaped). 

Stern  marked  the  chromosomes  involved  in  these  translocations  by 
appropriate  genes  and  obtained  females  which  were  heterozygous  for  both 
translocations  simultaneously.  Such  individuals  have  instead  of  the 
two  normal  X's  one  J-shaped  chromosome  (the  X  with  the  fragment  of 
the  Y  attached  to  it),  two  short  rod-shaped  chromosomes  (the  broken  X 
of  the  X-IV  translocation),  and  one  free  fourth  chromosome.  These 
females  were  crossed  to  cytologically  normal  males.  In  the  offspring 
some  individuals  were  cross-overs  between  /  aijd  bb  (cf.  Fig.  4).  It  is 
easy  to  see  that  there  must  be  two  types  of  such  cross-overs,  which  are 
easily  distinguishable  genetically,  by  observing  the  marking  genes  they 
carry.  In  one  type  the  left  end  of  the  chromosome  of  the  X-Y  trans- 
location is  combined  with  the  right  end  of  the  right  fragment  of  the  X-IV 
translocation.  The  resulting  chromosome  must  appear  as  a  normal 
rod-shaped  X-chromosome,  and  individuals  carrying  it  must  also  carry 
two  normal  fourth  chromosomes.  Stern  investigated  cytologically  a 
large  number  of  individuals  of  this  type  and  found  that  they  had  the 
expected  type  of  chromosomes. 

The  other  type  of  cross-overs,  likewise  distinguishable  genetically, 
must  have  the  broken  X  of  the  X-IV  translocation,  but  the  right  fragment 
must  acquire  the  spindle  fiber  end  of  the  X  of  the  X-Y  translocation,  to 
which  the  fragment  of  the  Y  is  attached.  The  resulting  individuals 
must  have,  cytologically,  one  rod-shaped  chromosome  of  the  length  equal 
to  one-half  of  the  normal  X  (the  left  fragment  of  the  X-IV  translocation), 
a  small  V-shaped  chromosome  present  in  neither  translocation  nor  in  the 
normal  flies  (the  right  fragment  of  the  X-IY  to  which  the  section  of  the 
F-chromosome   is   now    attached),    and   one   free   fourth   chromosome. 
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Stern  found  that  most  individuals  of  this  type  actually  had  the  predicted 
type  of  chromosomes. 

Creighton  and  McClintock's  (21)  methods  of  investigation,  as  well 
as  their  findings,  are  in  principle  identical  with  those  of  Stern.  These 
results  leave  no  reasonable  doubt  that  crossing  over  actually  occurs  by 
segmental  interchange  between  homologous  chromosomes.  Any  theory 
not  assuming  such  an  interchange  has  to  resort  to  the  utterly  unjustifiable 
expedient  of  supposing  that  a  chromosome  may  be  broken  in  one  place 
and  may  grow  a  hook  in  another  place  every  time  a  phenotype  of  the  fly 
shows  certain  mutant  characteristics.  Although  such  an  attempt  to 
evade  the  consequences  of  Stern's  and  McClintock's  work  has  been 
actually  published,  it  is  hardly  necessary  to  discuss  it  here. 

GENE  CHANGES  ASSOCIATED  WITH  CHROMOSOME  BREAKAGES 

Translocations  and  inversions  modify  the  order  of  the  genes  in  the 
chromosomes,  produce  new  linkage  relations,  and  alter  the  mode  of 
inheritance  of  the  genetic  factors  located  in  the  chromosomes  involved. 
They  need  not,  however,  affect  either  the  number  or  the  kind  of  the 
genetic  factors,  and  therefore  individuals  heterozygous  or  homozygous 
for  these  chromosome  rearrangements  should  be  normal  in  appearance 
and  in  viabihty.  These  theoretical  expectations,  however,  are  not  always 
realized,  at  least  not  in  Drosophila.  Translocations  and  inversions  are 
frequently  lethal  in  homozygotes  and  some  of  them  produce  visible 
abnormalities  in  the  phenotype. 

The  first  translocation  discovered  in  Drosophila  (Bridges  16;  Bridges 
and  Morgan  19)  produces  in  heterozygous  condition  a  dominant  effect 
on  the  eye  color  and  is  lethal  when  homozygous.  Muller  (72)  found  that 
a  majority  of  induced  translocations  are  in  viable  in  homozygous  con- 
dition. Muller 's  findings  were  corroborated  by  observations  of  Muller 
and  Altenburg  (78),  Dobzhansky  (25,  26,  29,  30),  Dobzhansky  and 
Sturtevant  (36),  Oliver  (90),  and  of  many  others.  Although  some 
translocations  are  viable  and  normal  in  appearance  in  homozygous 
condition  (Dobzhansky,  25,  29),  this  is,  at  least  in  Drosophila,  the  excep- 
tion rather  than  the  rule.  Not  infrequently  translocations  produce 
visible  external  effects  (Muller,  75;  Burkart,  20).  The  most  remarkable 
fact  concerning  the  lethal  and  the  visible  effects  of  chromosomal  rear- 
rangements is  that  these  effects  are,  in  many  cases,  due  to  the  action  of 
factors  located  in  such  close  proximity  to  the  points  at  which  the  chromo- 
somes were  broken  that  they  fail  to  separate  from  the  latter  by  crossing 
over.  It  appears  that  breakages  of  chromosomes  are  frequently  associ- 
ated with  a  peculiar  kind  of  mutation  in  the  genes  lying  immediately 
adjacent  to  the  loci  of  the  breaks  (cf.  Patterson,  Stone,  Bedichek,  and 
Suche,  109).     An  analysis  of  this  correlation  between  "mutations"  and 
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chromosome  breakages  constitutes  an  altogether  new  field  of  research  in 
genetics.  Exploration  of  this  field  has  merely  begun,  and  no  firmly 
established  conclusions  have  been  so  far  arrived  at.  Nevertheless,  some 
of  the  facts  already  obtained  are  highly  suggestive. 

An  especially  interesting  group  of  cases  is  that  in  which  chromosomes 
are  broken  close  to  the  loci  of  certain  known  genes,  causing  these  genes 
to  mutate.  Stern  and  Ogura  (129)  observed  mutations  at  the  bobbed 
locus  in  the  X-chromosome  of  Drosophila  that  took  place  simultaneously 
with  attachments  of  fragments  of  the  F-chromosome  in  the  vicinity  of 
that  locus.  A  mutation  at  bobbed  w^as  also  observed  by  Sidorov  (123) 
in  a  translocation  in  which  the  X-chromosome  is  broken  close  to  the  locus 
of  bobbed.  Several  duplications  for  sections  of  the  X-chromosome 
including  bobbed  and  certain  genes  normally  located  in  the  left  end  of 
the  chromosome  were  studied  by  Sivertzev-Dobzhansky  and  Dobzhansky 
(124).  Since  these  duplications  were  obtained  in  the  offspring  of  wild- 
type  males  treated  with  X-rays,  all  of  them  should  contain  the  wild-type 
allelomorph  of  bobbed,  or  should  not  carry  the  bobbed  locus  at  all. 
Contrary  to  this  expectation,  the  analysis  of  these  duplications  showed 
that  none  of  them  has  the  wild-type  allelomorph  of  bobbed.  Instead, 
allelomorphs  of  bobbed  of  various  strength  were  found  to  be  present. 
It  follows  that  in  all  these  duplications  a  mutation  at  the  bobbed  locus 
took  place  apparently  simultaneously  wdth  the  breakage  of  the  chromo- 
some in  the  vicinity  of  bobbed.  Whether  or  not  such  "mutations"  take 
place  every  time  the  chromosome  is  broken  in  that  region  remains  to  be 
studied.  Dubinin  and  Sidorov  (41)  have  described  an  even  more  remark- 
able case  of  this  sort.  They  have  studied  a  series  of  translocations 
involving  the  fourth  chromosome  of  Drosophila  melanog aster.  These 
translocations  were  obtained  by  irradiating  flies  which  were  homozygous 
for  the  wild-type  allelomorph  of  the  fourth-chromosome  gene  cubitus 
interruptus;  hence,  the  fourth  chromosome  in  these  translocations  must 
also  contain  the  wild-type  allelomorph  of  this  gene.  Nevertheless,  if 
flies  carrying  the  translocations  are  made  heterozygous  for  cubitus 
interruptus,  the  characteristics  of  this  recessive  gene  sometimes  show  up, 
indicating  that  the  wild-type  allelomorph  of  it  has  somehow  been  weak- 
ened owing  to  the  translocation.  About  one-half  of  the  translocations 
studied  by  Dubinin  and  Sidorov  show  this  effect,  it  being  apparently 
immaterial  which  chromosome  besides  the  fourth  is  involved  in  the 
translocation. 

Muller  (75),  Patterson  (105),  Van  Atta  (136,  137),  and  Glass  (43,  44, 
45)  found  a  series  of  dominant  eye-color  mutations  in  Drosophila  melano- 
gaster,  most  of  which  show  patches  of  a  differently  colored  tissue  in  the 
eye.  A  most  remarkable  fact  is  that  all  of  these  dominant  eye  colors 
are  associated  with  some  kind  of  chromosome  rearrangements  (inversions 
or  translocations).     Two  groups  can  be  distinguished  among  these  eye- 
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color  mutations.  In  the  first  group  (Patterson  and  Painter,  108;  Patter- 
son 105;  perhaps  also  Gowen  and  Gay,  46,  47)  the  presence  of  patches  in 
the  eye  seems  to  be  due  to  occasional  losses  of  fragments  of  chromosomes 
in  the  cell  divisions.  For  instance,  in  the  "mutable  translocation" 
described  by  Patterson  (105)  a  section  of  the  X-chromosome  carrying  the 
wild-type  allelomorph  of  white  is  transposed  onto  the  fourth  chromosome. 
The  union  between  this  section  and  the  fourth  chromosome  is,  however, 
so  weak  that  the  former  frequently  drops  off  and  is  lost  in  the  cytoplasm. 
If  a  female  carrying  this  translocation  is  made  heterozygous  for  the  gene 
white,  the  cells  in  which  the  fragments  are  lost  are  white,  hence  the 
mosaicism  in  the  eye  arises. 

The  second  group  of  the  dominant  eye  colors,  which  is  most  interesting 
for  the  purposes  of  the  present  discussion,  seems  not  to  be  connected  with 
losses  of  fragments  of  chromosomes.  The  mutations  belonging  to  this 
group  produce  eyes  of  a  color  different  from  the  wild  type,  with  or  without 
patches  of  still  differently  colored  tissue.  Muller,  Van  Atta,  and  Glass 
(1.  c.)  described  a  series  of  mutations  called  "Plum"  (or  "dilute").  They 
are  all  allelomorphic  to  each  other,  and  also  to  the  second  chromosome 
gene  brown,  which  sometimes  mutates  spontaneously  producing  recessive 
eye-color  changes  of  a  more  or  less  extreme  type.  In  every  known 
instance  a  mutation  from  w  ild  type  to  Plum  is  correlated  with  a  breakage 
of  the  second  chromosome  in  the  neighborhood  of  the  brown  locus.  In 
at  least  two  of  the  Plum  allelomorphs  the  second  chromosome  carries  an 
inversion  one  end  of  which  is  at  brown,  and  the  other  lies  in  the  vicinity 
of  the  spindle  fiber,  close  to  the  locus  of  the  gene  light  {It,  cf.  Figs.  4 
and  5).  Schultz  and  Dobzhansky  (116)  have  found  that  in  these  two 
cases  Plum  is  allelomorphic  to  both  brown  and  light.  Thus,  mutations 
have  taken  place  at  the  loci  of  both  breakages  producing  the  inversion. 
It  seems  probable  that  every  time  such  an  inversion  arises,  mutations 
take  place  at  both  the  brown  and  the  light  loci.  According  to  Glass 
(43,  44),  another  dominant  eye  color.  Grape,  is  allelomorphic  to  the  third- 
chromosome  recessive  gene  peach,  and  grape  is  associated  with  a  trans- 
location involving  a  breakage  of  the  third  .chromosome  at  peach. 

The  gene  Bar  in  Drosophila  melanogaster  arose  by  a  spontaneous 
mutation  from  wild  type.  This  mutation  has  been  observed  only  once. 
Mutations  at  this  locus,  consequently,  must  be  very  rare.  Dobzhansky 
(30)  found  a  translocation  in  which  the  Z-chromosome  was  broken  at 
Bar,  and  simultaneously  with  the  appearance  of  the  translocation  a 
mutation  to  a  reces.sive  allelomorph  of  Bar,  called  baroid,  took  place. 
This  case  is  remarkable  because  Sturtevant  (130,  132)  has  proven  that 
there  is  no  wild-type  allelomorph  of  Bar  in  wild-type  Drosophila.  Conse- 
quently, the  mutation  to  baroid  can  not  be  interpreted  as  a  loss  or  injury 
of  the  wild-type  allelomorph  of  a  gene  located  close  to  the  locus  of 
breakage. 
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Serebrovsky  (118),  Dubinin  (38,  39),  Levit  (58),  and  Shapiro  (121) 
have  described  the  origin  of  several  allelomorphs  of  the  sex-linked  reces- 
sive genes  scute  and  yellow  associated  with  various  chromosome  abnor- 
malities, such  as  inversions  and  translocations.  Unfortunately,  in 
none  of  these  cases  is  it  convincingly  proved  that  the  mutations  appeared 
in  the  immediate  proximity  to  the  loci  of  the  breaks. 

Changes  in  the  genes  located  in  the  duplicating  fragments  of  chromo- 
somes constitute  a  somewhat  different  phenomenon.  In  the  offspring  of 
wild-type  flies  treated  with  X-rays  individuals  may  be  found  that  carry 
duplications  for  certain  sections  of  the  chromosomes.  The  duplicating 
fragments,  according  to  their  origin,  should  carry  the  wild-type  allelo- 
morph of  the  genes  involved.  It  is  found,  however,  that  in  many  cases 
the  genes  located  in  duplications  behave  as  though  they  had  mutated 
(Dobzhansky  and  Sturtevant,  37).  Thus,  a  duplication  was  found 
which  should  have  included  the  wild-type  allelomorphs  of  the  sex-linked 
recessives  rudimentary  and  forked.  Nevertheless,  males  having  a  normal 
A"^  carrying  rudimentary  or  forked,  and  having  the  duplication,  show 
quite  clearly  the  effects  of  rudimentary  and  forked,  respectively,  in  their 
phenotypes.  Likewise,  rudimentary  and  forked  manifest  themselves 
in  females  having  two  normal  X's  with  these  genes  and  the  duplication. 
The  wild-type  allelomorphs  of  rudimentary  and  forked  are,  however, 
known  to  be  almost  completely  dominant  over  one  or  even  two  doses 
of  the  corresponding  recessives.  The  behavior  of  these  wild-type  allelo- 
morphs when  located  in  the  duplicating  fragments,  indicates,  then,  that 
their  functioning  is  somewhat  changed  by  the  occurrence  of  breakages 
in  their  vicinity  (cf.  Dubinin  and  Sidorov,  41).  An  alternative  explana- 
tion of  this  fact  may  be  that  the  change  in  the  behavior  of  these  genes 
is  due  to  a  disturbance  of  the  normal  genie  balance  produced  by  the 
duplications. 

Why  should  chromosome  breakages  so  frequently  be  associated  with 
mutations  in  the  neighboring  genes?  Several  possible  explanations  of 
this  fact  may  be  suggested.  Perhaps  the  simplest  one  was  advanced  by 
Bridges  (Morgan,  Bridges,  Sturtevant,  71).  Chromosome  breakages 
may  be  provoked  by  a  destruction  of  certain  genes  in  the  chromosome. 
The  chromosome  is,  so  to  say,  weakened  in  this  place,  its  continuity 
may  easily  be  disrupted,  and  the  breakage  is  accomplished.  The 
"mutations"  at  the  breakage  points  are,  then,  deficiencies,  losses,  of 
genes.  The  application  of  this  explanation  to  most  of  the  known  cases  of 
"mutations"  associated  with  breakages  meets  with  no  insuperable 
difficulty.  There  is  nothing  surprising  in  this,  since  the  same  "explana- 
tion" may  be  applied  with  equal  ease  to  most  of  the  spontaneous  and 
induced  gene  mutations  as  well  (Serebrovsky,  117).  The  difficulty 
comes,  however,  as  soon  as  one  tries  to  adduce  specific  evidence  in  favor 
of  this  hypothesis.     The  known  deficiencies  possess  certain  character- 
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istic  properties  (Bridges,  Mohr) :  they  produce  an  exaggeration  of  the 
effects  of  the  genes  induced,  they  behave  as  the  most  extreme  known 
allelomorphs  of  these  genes,  and  they  frequently  include  the  loci  of  more 
than  one  neighboring  gene.  In  cases  in  which  these  criteria  could  have 
been  applied  to  mutations  associated  with  breakages  (Schultz  and 
Dobzhansky,  116)  the  results  were  consistently  negative.  The  case  of 
baroid  (see  above)  seems  to  be  directly  contradictory  to  the  deficiency 
explanation.  According  to  Sturtevant  (130,  132)  there  is  no  wild-type 
allelomorph  of  Bar.  A  mutation  from  wild-type  to  an  allelomorph  of 
Bar  is,  hence,  an  addition  rather  than  a  loss. 

The  second  explanation  is,  likewise,  purely  formal.  Gene  mutations 
may  take  place  simultaneously  with  breakages.  Oliver  (90)  examined 
the  statistical  consequences  of  this  explanation  and  came  to  the  conclusion 
that  mutation  at  loci  closely  adjacent  to  breakages  takes  place  more  fre- 
quently than  it  might  be  expected  on  a  chance  basis.  One  is  therefore, 
forced  to  assume  that  the  occurrence  of  breakages  increases  the  proba- 
bility of  mutations  taking  place  in  the  neighboring  loci.  In  such  a  form 
the  hypothesis  becomes  a  mere  restatement  of  the  facts.  If,  as  seems 
probable  in  certain  Plum  allelomorphs,  a  definite  chromosome  rearrange- 
ment is  always  correlated  with  a  definite  mutation  (Schultz  and  Dobzhan- 
sky, 116),  this  explanation  begs  the  question. 

The  third  explanation  assumes  that  the  functioning  of  a  gene  depends 
on  its  structure  as  well  as  on  the  structure  of  its  neighbors.  The  adjacent 
genes  in  the  chromosomes  may  not  be  totally  independent  of  each 
other.  The  genes  A,  B,  and  C  may  produce  an  effect  which  we  call 
"normal"  when  they  are  arranged  in  the  order  ABC,  and  a  different 
effect  in  case  the  order  becomes  CAB.  Such  a  rearrangement  deprives 
each  of  these  genes  of  the  neighbors  with  which  they  are  usually  asso- 
ciated, and  gives  them  new  neighbors  which  are  normally  located  in  a 
different  part  of  the  same  chromosome,  or  even  in  a  different  chromosome. 
Either  the  rupture  of  the  normal  intergenic  connections,  or  the  establish- 
ing of  the  new  ones,  or  both,  may  alter  the  functioning  of  the  genes. 
Any  chromosome  rearrangement  obviously  involves  such  changes  in  the 
surroundings  of  the  genes  located  at  the  breakage  points.  Mutations 
at  the  loci  of  breakages  are,  then,  due  to  "position  effect." 

Position  effect  is  not  a  new  principle  invoked  specially  to  explain 
the  association  of  mutations  with  breakages.  Sturtevant  (130,  132) 
has  firmly  established  the  existence  of  a  position  effect  in  the  case  of 
Bar.  Two  Bar  genes  located  in  the  same  chromosome  (double  Bar)  are 
more  effective  than  the  same  two  Bar  genes  located  in  different  chromo- 
somes. Neither  the  deficiency  explanation  nor  the  mutation  hypothesis 
is  apj)licable  to  the  Bar  case  of  Sturtevant.  Sturtevant  clearly  foresaw 
the  possibility  of  finding  further  instances  of  position  effect  by  studying 
chromosomal  rearrangements,  predicting  in  a  sense  the  association  of 
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mutations  with  chromosome  breakages.  Muller  and  Altenburg  (78), 
Dobzhansky  (30),  Dobzhansky  and  Sturtevant  (37),  and  Sivertzev- 
Dobzhansky  and  Dobzhansky  (124)  discussed  the  applications  of  the 
position-effect  hypothesis  in  more  detail.  The  association  of  definite 
mutations  with  definite  chromosome  rearrangements  (Sivertzev-Dobzhan- 
sky  and  Dobzhansky,  124;  Schultz  and  Dobzhansky,  116)  is  the  strongest 
evidence  in  favor  of  this  hypothesis. 

The  nature  of  position  effect  is  not  clear  at  the  present.     In  fact,  an 
understanding  of  its  nature  presupposes  a  knowledge  of  the  nature  of  the 
gene.     Mutatis  mutandis,  further  studies  on  position  effect  are  probably 
the  most  promising  mode  of  attack  on  the  problem  of  the  gene,  perhaps 
the  most  fundamental  problem  of  genetics.     Among  many  questions 
which  require  investigation,  one  is,  perhaps,  outstanding:  Are  only  the 
genes  immediately  adjacent  to  the  loci  of  breaks  subject  to  position 
effect,  or  may  the  function  of  genes  lying  at  a  certain,  though  small,  dis- 
tance from  the  breakage  also  be  changed  ?     The  alteration  of  the  effects  of 
the  genes  lying  in  the  duplicating  fragments  (see  above)  seems  to  argue 
in  favor  of  the  latter  possibility,  but,  unfortunately,  it  is  exactly  in  these 
cases  that  the  proof  of  these  alterations  being  due  to  position  effect 
(and  not  to  disturbances  in  the  genie  balance)  presents  greatest  difficulties. 
If  only  the  genes  lying  at  the  breakage  points  were  changed,  this  would 
argue  in  favor  of  the  existence  of  intimate  intergenic  connections,  perhaps 
of  the  nature  of  chemical  bonds  of  some  sort  between  the  molecules 
representing  genes.     It  would  be  then  convenient  to  picture  the  gene 
string  in  the  chromosome  as  a  chain  of  dissimilar  molecules,  somewhat 
similar  to  the  cellulose  fibril,  the  links  of  the  chain  being  connected  by 
definite  bonds.     If  the  position  effect  extends  for  a  relatively  considerable 
distance  from  the  breakage,  the  foregoing  possibility  is  not  excluded, 
but  then,  perhaps  the  phenomenon  is  more  easily  accounted  for  by 
supposing  that  the  products  elaborated  by  the  genes  react  immediately 
after  being  freed,  the  distances  between  the  sources  of  these  products 
being  of  some  consequence. 

MECHANISM  OF  MEIOSIS 

Up  to  a  relatively  recent  date  the  process  of  meiosis  was  studied 
primarily  by  determining  cytologically  the  behavior  of  chromosomes  in 
gametogenesis  of  various  species  of  animals  and  plants.  Individuals 
having  normal  chromosomes  were  usually  selected  for  investigation. 
This  method  of  approach  is  essentially  descriptive,  observational,  and 
comparative.  A  wealth  of  valuable  data  was  secured  by  this  method: 
the  normal  seriation  of  the  different  stages  of  meiosis  became  known; 
the  essential  similarity  of  meiosis  in  widely  dissimilar  organisms  was 
revealed;  a  functional  correlation  between  the  cytological  processes 
and  their  genetic  consequences  established.     The  discovery  of  chromo- 
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somal  aberrations  in  general,  and  of  chromosome  rearrangements  in 
particular,  opened  the  possibility  of  an  experimental  attack  on  the 
problems  of  the  mechanism  of  meiosis.  Chromosomal  aberrations 
produce  characteristic  disturbances  of  the  different  stages  of  meiosis. 
A  comparative  genetic,  and,  where  possible,  also  a  comparative  cyto- 
logical  investigation  of  individuals  carrying  chromosomal  aberrations 
and  of  those  having  normal  chromosomes  reveals  a  series  of  facts  which 
are  probably  very  important  for  a  causal  analysis  of  the  processes 
involved. 

Crossing  over  between  the  normal  and  rearranged  chromosomes  is 
characteristically  affected  in  individuals  heterozygous  for  translocations 
or  inversions.  The  frequency  of  crossing  over  is,  at  least  in  Drosophila, 
almost  invariably  reduced  in  such  individuals  as  compared  with  normal 
ones,  although  the  extent  of  reduction  is  extremely  variable,  ranging  from 
a  complete  suppression  to  an  approximate  normality  of  crossing  over. 
This  reduction  of  crossing  over  is  subject  to  a  series  of  general  rides,  the 
existence  of  which  suggests  that  the  whole  phenomenon  is  due  to  the 
action  of  comparatively  few  equally  general  causes. 

Inverted  section  heterozygotes  show  a  reduction  of  crossing  over  not 
only  within  the  limits  of  the  inversion  (where  only  doubles  are  observed) 
but  also  on  both  sides  of  it  (Sturtevant  131,  133).  The  degree  of  the 
reduction  becomes  progressively  smaller  the  farther  an  interval  is 
removed  from  the  ends  of  the  inversion.  In  V-shaped  autosomes  of 
Drosophila  inversions  affect  crossing  over  only  in  the  limb  in  which  they 
lie  and  not  in  the  opposite  limb.  In  individuals  homozygous  for  inverted 
sections  the  reduction  of  crossing  over  disappears  (Sturtevant,  133). 

In  heterozygous  translocations  a  reduction  of  crossing  over  is  observed 
in  all  the  chromosomes  involved,  in  donors  as  well  as  in  the  recipients. 
The  relatively  greatest  reduction  is  found  in  the  intervals  in  which  the 
loci  of  breakages  or  attachments  are  located,  and  in  the  adjacent  intervals. 
The  farther  an  interval  is  removed  from  these  loci  the  more  nearly 
normal  is  the  frequency  of  crossing  over  therein.  If  the  breakage  is 
located  in  one  of  the  limbs  of  a  V-shaped  chromosome,  crossing  over  is 
affected  in  that  limb  only,  not  in  the  other  limb.  If,  however,  a  breakage 
takes  place  at  or  very  close  to  the  spindle  attachment,  crossing  over  is 
affected  to  a  certain  extent  in  both  limbs  (Dobzhansky  and  Sturteyant, 
36;  Dobzhansky  34). 

The  degree  of  reduction  in  the  frequency  of  crossing  over  is  a  function 
of  the  relative  lengths  of  the  transferred  or  exchanged  sections  of  the 
chromosomes.  Crossing  over  is  frequently  almost  totally  suppressed 
in  small  sections  of  chromosomes  attached  to  other  much  longer  chromo- 
somes, while  in  the  latter  it  is  normal  or  nearly  so.  The  longer  the 
attached  section,  and  the  shorter  the  chromosome  (or  the  fragment)  to 
which  it  is  attached,  the  more  nearly  normal  is  crossing  over  in  the 
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attached  section,  and  the  stronger  is  the  reduction  of  crossing  over  in 
the  recipient.  The  reduction  of  crossing  over  in  the  donor  is  strongest 
if  a  section  of  a  certain  intermediate  length  is  transferred  to  another 
chromosome;  donors  which  have  lost  very  short  or  very  long  sections 
may  show  approximately  normal  crossing  over  (Dobzhansky,  28,  32,  34). 
The  occurrence  of  crossing  over  between  homologous  chromosomes 
or  their  fragments  increases  the  probability  of  their  normal  disjunction, 
that  is,  of  their  passing  to  the  opposite  poles  of  the  spindle  at  the  reduction 
division.  Chromosomes  which  have  not  crossed  over  are  likely  to 
undergo  nondisjunction,  i.e.,  to  be  distributed  at  random  in  respect  to 
their  homologues  at  the  reduction  division  (Bridges,  12;  Anderson,  6; 
Dobzhansky,  34).  Since  in  translocations  the  frequency  of  crossing 
over  is  a  function  of  the  relative  lengths  of  the  fragments  of  the  donor 
and  the  recipient  chromosomes  (see  above),  there  exists  a  functional 
connection  between  the  latter  variables  and  the  mode  of  the  disjunction 
of  the  chromosomes  involved  in  a  translocation  (Dobzhansky,  30,  34). 

All  the  regularities  mentioned  before  can  be  brought  into  a  self- 
consistent  system  if  one  assumes  that :  (a)  the  pairing  of  the  homologous 
loci  of  the  chromosomes  at  meiosis  is  due  to  a  mutual  attraction  exhibited 
by  these  loci  (Dobzhansky,  28),  (6)  the  frequency  of  crossing  over  at  a 
given  point  is  a  function  of  the  distance  between  that  point  and  the 
spindle  attachment  (Beadle,  8;  Offerman,  Stone  and  Muller,  86),  and 
(c)  the  occurrence  of  crossing  over  is  related  to  the  presence  of  chiasmata 
between  the  chromosomes,  the  presence  of  chiasmata  regulating  the 
position  of  the  chromosomes  on  the  spindle  at  the  reduction  division, 
and,  consequently,  the  disjunction  of  the  chromosomes  (Darlington,  21a). 
In  individuals  having  normal  chromosomes  every  chromosome  has  one 
and  only  one  complete  homologue,  i.e.,  there  exist  only  two  chromosomes 
in  the  nucleus  which  carry  the  same  genes  arranged  in  the  same  order. 
The  mutual  attraction  of  the  loci  contained  in  these  chromosomes  brings 
them  together  at  meiosis,  the  chromosomes  pair,  undergo  crossing  over, 
and  disjoin  normally  at  the  reduction  division.  Chromosome  rearrange- 
ments disturb  the  normal  pairing  owing  to  the  competition  between  the 
different  loci  and  parts  of  the  chromosomes.  In  heterozygous  transloca- 
tions some  chromosomes  consist  of  parts  which  are  homologous  to  two 
(or  more)  different  chromosomes  in  the  same  nucleus.  Such  chromosomes 
(considered  as  wholes)  are  attracted  simultaneously  toward  more  than 
one  partial  homologue.  Competition  between  the  different  sections  each 
of  which  tends  to  pair  with  its  own  homologue  leads  to  a  failure,  or  at 
least  to  a  delay,  of  pairing  of  some  sections.  This  obviously  prevents, 
or  reduces  the  probability  of,  crossing  over  taking  place  in  the  sections 
whose  pairing  was  delayed  and  thereby  disturbs  their  disjunction. 

The  most  acute  conflict  of  the  attraction  forces  should  ensue  in  the 
vicinity  of  the  points  where  the  chromosomes  change  their  homologies. 
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The  strong  reduction  of  the  frequency  of  crossing  over  in  the  neighborhood 
of  the  breakage  and  attachment  points  (page  1198)  is  the  consequence. 
Short  sections  of  chromosomes  attached  to  long  nonhomologous  chromo- 
somes are,  all  other  conditions  being  equal,  weak  competitors.  The 
pairing  of  such  sections  with  their  homologues  is  most  likely  to  be  delayed 
or  not  attained  at  all,  hence  the  strong  reduction  of  crossing  over  in  these 
sections,  and  little  or  no  reduction  in  the  chromosomes  to  which  they  are 
attached  (see  page  1199). 

The  validity  of  this  interpretation  of  the  reduction  of  crossing  over 
observed  in  individuals  heterozygous  for  translocations  and  inversions 
was  tested  in  a  variety  of  ways.  A  cytological  investigation  of  the 
chromosomes  of  Drosophila  in  the  prophase  stages  of  meiosis  has  so  far 
not  been  found  possible  on  account  of  the  extreme  technical  difficulties 
presented  by  this  object.  Such  an  investigation,  however,  was  carried 
through  in  a  plant  object,  namely,  in  Zea  Mays,  by  McClintock  (65,  66). 
In  maize,  in  contradistinction  to  Drosophila,  little  or  no  reduction  of 
crossing  over  is  produced  by  most  of  the  heterozygous  chromosome 
rearrangements.  In  a  full  agreement  with  this  stands  the  fact,  dis- 
covered by  McClintock,  that  in  most  heterozygous  translocations  in 
maize  the  pairing  of  all  the  homologous  sections  of  the  chromosomes 
involved  is  complete  or  nearly  so.  On  the  other  hand,  in  some  trans- 
locations and  inversions  in  maize  some  sections  of  the  chromosomes  fail 
to  pair  with  their  homologues,  and,  instead,  either  remain  unpaired,  or 
show  a  peculiar  pairing  with  nonhomologous  sections,  which,  as  far  as 
the  genetic  consequences  are  concerned,  is  equivalent  to  a  lack  of  pairing. 
McClintock  found  furthermore  that  the  failure  of  normal  pairing  is  most 
frequently  observed  in  the  parts  of  the  chromosomes  immediately  adjacent 
to  the  loci  of  the  breakages  and  reattachments,  that  in  case  a  translocation 
involves  an  exchange  of  very  unequal  sections  the  short  sections  fail 
to  pair  much  more  frequently  than  the  long  ones,  that  in  inversions 
involving  short  sections  of  chromosomes  the  inverted  part  fails  to  pair, 
and  in  those  involving  very  long  sections  the  noninverted  part  is  more 
likely  not  to  attain  normal  pairing.  It  is  easy  to  see  how  nicely  these 
findings  agree  with  the  genetic  facts  discovered  in  Drosophila. 

A  series  of  genetic  tests  of  the  hypothesis  of  competitive  pairing  was 
devised.  This  hypothesis  requires  that  if  the  attraction  of  one  of  the 
competing  sections  toward  its  homologue  is  decreased  by  some  factor, 
the  sections  which  are  the  competitors  of  the  former  should  pair  more 
successfully,  and,  consequently,  the  frequency  of  crossing  over  in  the 
latter  sections  should  rise,  while  the  frequency  of  nondisjunction  should 
decrease.  Dobzhansky  and  Sturtevant  (133)  and  Dobzhansky  (34) 
actually  found  that  if  crossing  over  between  some  sections  of  the  chromo- 
somes involved  in  a  translocation  is  prevented  by  introduction  of  inver- 
sions, the  frequency  of  crossing  over  in  other  sections  increases  sharply. 
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Simultaneously,  the  frequency  of  nondisjunction  of  the  sections  in  which 
crossing  over  is  prevented  is  increased,  and  that  of  the  other  sections 
becomes  rare. 

In  a  series  of  translocations  involving  transfers  of  sections  of  the 
second  chromosome  of  Drosophila  to  the  F-chromosome  the  effect  of 
inversions  was  found  to  depend  upon  the  relative  position  of  the  inversion 
in  respect  to  the  breakage  point.  If  the  inversion  is  homologous  to  the 
part  of  the  second  chromosome  attached  to  the  Y,  the  frequency  of  cross- 
ing over  in  the  part  of  the  second  chromosome  remaining  free  is  increased. 
On  the  other  hand,  if  the  inversion  is  homologous  to  the  part  of  the  second 
chromosome  remaining  free,  crossing  over  in  the  part  attached  to  the  Y 
increases  strikingly.  The  frequency  of  nondisjunction  was  found  to  be 
inversely  proportional  to  that  of  crossing  over.  These  facts  cannot  be 
reasonably  interpreted  otherwise  than  as  corroborating  the  hypothesis 
of  competitive  pairing  (Dobzhansky,  32). 

Another  corollary  of  the  competitive  pairing  hypothesis  is  that  the 
presence  of  duplicating  fragments  of  chromosomes  should  have  an  effect 
on  crossing  over  in  the  chromosomes  to  which  the  fragments  are  homo- 
logous. Individuals  may  be  obtained  which  have  the  normal  diploid  set 
of  chromosomes  plus  a  duplication  for  a  section  of  one  of  the  chromosomes. 
Since  the  duplication  should  tend  to  pair  with  either  of  its  two  normal 
partial  homologues,  the  pairing  of  the  latter  with  each  other  should  be 
disturbed,  and  the  frequency  of  crossing  over  in  them  should  be  decreased. 
Thus,  a  reduction  of  the  frequency  of  crossing  over  is  expected  to  take 
place  in  chromosomes  which  are  not  themselves  involved  in  any  chromo- 
some aberration.  Rhoades  (113)  studied  crossing  over  in  the  normal 
second  chromosomes  in  the  presence  of  a  duplication  for  a  section  of  the 
same  chromosome.  A  reduction  of  the  frequency  of  crossing  over  was 
found.  Dobzhansky  (in  press)  found  the  same  to  be  true  for  a  series  of 
duplications  for  sections  of  the  X-chromosome  of  Drosophila  melano- 
gaster,  the  strength  of  the  reduction  being  a  function  of  the  length  of  the 
duplicating  sections. 

Beadle  (8)  and  Offermann,  Stone,  and  MuUer  (86),  however,  dis- 
covered the  existence  of  a  factor  other  than  competitive  pairing  that 
accounts  for  a  part  of  the  reduction  of  crossing  over  observed  in  trans- 
locations. In  individuals  homozygous  for  translocations  the  conditions  of 
the  chromosome  pairing  are,  as  far  as  competition  of  chromosomes  is  con- 
cerned, similar  to  the  conditions  found  in  normal  individuals.  Neverthe- 
less, the  frequency  of  crossing  over  is  found  to  be  very  different  from 
normal  in  certain  intervals  of  the  chromosomes.  The  only  explanation 
of  this  fact  is  that  a  change  in  the  relation  of  the  chromosome  segments 
in  respect  to  the  spindle  attachment  may  alter  the  freqviency  of  crossing 
over  in  that  segment.  As  shown  before,  the  cytological  maps  of  the 
Drosophila  chromosomes  indicate  that  crossing  over  in  all  chromosomes 
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is  low  in  frequency  in  the  vicinity  of  the  spindle  attachments.  The 
results  of  Beadle  and  of  others  who  have  studied  the  linkage  relations 
in  individuals  homozygous  for  chromosome  rearrangements  prove  then 
that  the  distribution  of  crossing  over  along  the  chromosomes  (as  studied 
through  the  cytological  maps)  is  not  a  property  of  the  substance  of  the 
chromosome  located  in  its  various  parts,  but  rather  the  result  of  the 
mechanical  relationship  leading  to  crossing  over,  in  which  the  spindle 
attachment  plays  a  role. 
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INTRODUCTION 

The  chief  interest  in  the  experimental  production  of  mutations  lies 
in  the  possibility  of  studying  the  nature  of  the  mutation  process  and,  by 
extension,  of  the  gene  itself.  Of  the  many  environmental  agents  tested, 
by  far  the  most  effective  turns  out  to  be  short-wave  radiation.  Hence 
at  the  outset  a  double  problem  is  presented.  The  effects  of  short-wave 
radiation  on  biochemical  systems  are  comparatively  little  understood; 
accordingly  there  exists  no  extensive  basis  from  which  inferences  as  to 
the  behavior  of  more  complex  systems  may  be  drawn.  From  the  opposite 
point  of  view,  the  effects  of  short-wave  radiation  in  the  production  of 
mutations  are  apt  to  be  instructive.  Genes  are  at  present  the  elementary 
biological  units;  a  knowledge  of  their  properties  and  behavior  must 
necessarily  have  repercussions  on  many  other  fields  of  biology.  For 
example,  it  is  not  difficult  to  see  in  the  grosser  effects  of  radiation  on  cell 
division  the  results  of  primary  effects  on  the  genes  or  chromosomes. 

The  first  conclusive  evidence  for  the  production  of  mutations  in 
animals  by  X-rays  was  presented  by  Muller  (104)  in  1927.  In  the  rela- 
tively short  time  since  then  a  large  body  of  data  has  been  accumulated 
and  the  field  clearly  outlined.  Two  general  questions  have  been  raised, 
and  it  is  with  the  attempts  to  define  and  answer  them  that  this  review  is 
concerned.  The  first  involves  solely  the  biology  of  the  mutation  process: 
what  are  its  characteristics,  now  at  last  to  be  seen  in  semiquantitative 
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form?  The  second  concerns  its  radiochemistry :  how  does  short-wave 
radiation  produce  mutations?  It  may  be  remarked  immediately  that  the 
significant  advances  to  date  have  been  made  in  the  first  field,  an  occur- 
rence by  no  means  surprising. 

The  change  in  outlook  brought  about  by  the  introduction  of  X-rays 
into  the  study  of  mutation  deserves  some  comment.  It  does  not  so  much 
involve  fundamental  concepts;  those  already  adumbrated  in  the  studies  of 
spontaneous  mutation  have  proved  surprisingly  adequate.  Now, 
however,  with  the  help  of  short-wave  radiation,  experiments  can  be  car- 
ried out  that  formerly  would  have  been  considered  impossible. 

THE  DISCOVERY  OF  THE  EFFECT 

The  history  of  the  experiments  on  the  genetic  effects  of  radiation  has 
an  interest  of  its  own.  In  the  days  following  the  rediscovery  of  mendelism, 
there  were  frequent  attempts  to  induce  mutations  experimentally,  just 
as  the  control  of  sex  was  sought  by  various  environmental  agents.  It  was 
evident  at  the  time,  from  the  cytological  studies  of  the  effects  of  X-rays 
and  radium  on  tissues,  that  heritable  variations  might  be  produced. 
Attempts  were  not  lacking  to  put  this  idea  to  the  test. 

Among  the  earliest  mutations  found  in  Drosophila  (Morgan,  89)  were 
some  that  appeared  in  progenies  from  radium  treated  individuals.  Later 
Loeb  and  Bancroft  (85)  claimed  to  have  obtained  positive  results  which 
were  shown  by  Morgan  (91)  to  be  unconvincing.  Repetitions  of  such 
experiments  by  Morgan  (Morgan,  Bridges,  and  Sturtevant,  93)  gave 
negative  results,  and  Mavor  (86,  page  362)  in  his  experiments  on  non- 
disjunction and  crossing-over  changes  induced  by  X-rays,  found  no 
evidence  of  the  production  of  mutations.  Later,  Muller  and  Dippel  (118) 
reported  incidentally  an  unsuccessful  experiment  designed  to  detect  losses 
of  small  fragments  of  chromosome. 

The  results  on  other  organisms  were  no  more  convincing.  Little  and 
Bagg  (84)  described  experiments  with  mice  in  which  they  obtained  from 
12  treated  individuals  two  mutations,  one  of  which  appeared  in  the 
controls.  Subsequent  attempts  (Bagg,  MacDowell,  and  Lord,  8; 
Snyder,  163)  at  repetition  yielded  negative  results.  The  experiments  of 
Dobrovolskaia-Zavadskaia  (24,  25)  are  likewise  not  clear,  since  they 
involved  one  mutation  probably  present  in  the  treated  animal,  and  one 
other,  in  a  progeny  of  some  3000  mice. 

In  the  meantime  Muller  and  Altenburg  (114,  115),  and  especially 
Muller  (97  to  103,  107,  108)  had  carried  out  an  extended  study  of  spon- 
taneous mutation  in  Drosophila  melanogaster.  As  a  result  of  his  studies, 
Muller  developed  a  technique  for  the  quantitative  study  of  mutation. 
Using  this  technique,  and  the  information  on  X-ray  dosage  available  as  a 
result  of  the  previous  failures,  he  repeated  the  attempt  with,  at  la.st,  great 
succe.ss.     Once  the  proper  experiment  was  performed,  effects  of  such  an 
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order  were  obtained  as  to  be  obvious  even  without  special  techniques. 
But  the  result  was  not  attained  before  the  construction  of  machinery  for 
its  measurement. 

Following  Muller's  work,  which  was,  interestingly  enough,  done 
at  the  same  time  as  the  independent  work  of  Stadler  on  plants  (164,  165), 
a  host  of  confirmations  appeared.  Similar  results  have  been  obtained  in 
all  forms  on  which  adequate  experiments  have  been  performed,  and  there 
is  now  every  reason  to  believe  that  in  principle  the  effect  is  a  general  one 
for  all  organisms. 

THE  QUANTITATIVE  STUDY  OF  MUTATION 

As  has  already  been  pointed  out,  an  essential  factor  in  the  final  success 
of  Muller's  X-ray  experiments  was  the  development  of  a  technique  for  the 
study  of  mutation.  The  technique  is  in  principle  applicable  to  any 
organism ;  the  details  will,  of  course,  vary  with  the  form  studied. 

Ideally,  for  the  quantitative  study  of  mutations  en  masse,  it  would  be 
desirable  to  detect  all  types  of  variants.  This  would  include  the  lethal 
effects,  the  ordinary  visible  mutants,  and  the  very  slight  types.  Of  these, 
the  last  present  the  greatest  difficulty  for  measurement  with  any 
accuracy;  there  are  at  present  no  data  available  which  permit  even  an 
estimate  of  their  frequency,  w^hich  may  be  higher  than  that  of  any  other 
type.  For  the  "visible"  mutations,  it  is  equally  clear  that  criteria  may 
differ  from  experiment  to  experiment,  and  notoriously  from  observer  to 
observer.  The  frequency  of  occurrence  of  visible  mutation  might  be 
determined  with  accuracy  in  an  organism  in  which  all  the  possible  types 
of  variation  w'ere  known,  and  they  could  be  distinguished  from  develop- 
mental accidents  due  to  nongenetic  influences.  Even  in  Drosophila 
melanog aster,  how'ever,  genetically  the  best  studied  of  all  animals,  it  is  not 
possible  to  do  this  yet. 

It  is,  however,  possible  to  obtain  accurate  data  if  a  specific  mutant 
character,  sharply  distinguishable  from  the  norm,  is  selected,  and  the 
frequency  of  its  appearance  measured.  This  is  particularly  easy  for 
diploid  organisms  in  the  case  of  sex-linked  mutations;  the  offspring  belong- 
ing to  the  heterozygous  sex  display  any  new  mutant  which  has  occurred 
in  the  germ  cells  of  the  parent  of  the  homozygous  sex.  In  the  case  of 
organisms  haploid  in  one  sex,  a  new-  mutant  in  any  chromosome  is 
similarly  detectable  at  its  occurrence. 

Lethal  mutations,  however,  provide  the  most  feasible  approach  to  an 
objective  criterion.  Accordingly  they  were  extensively  used  by  Muller 
in  his  studies  on  mutation  in  Drosophila  melanogaster.  Essentially,  the 
methods  which  he  developed  are  based  on  the  usual  procedure  for  locating 
a  lethal  mutation  (Morgan,  90).  A  character  linked  to  a  lethal  appears 
in  numbers  proportional  to  the  crossing  over  between  the  two  genes.  If, 
then,  it  is  desired  to  test  a  group  of  ehromo.somes  for  lethals,  crosses  to  a 
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Discarded 


Tested 


stock  with  convenient  marking  genes  afford  the  method.  By  the  proper 
further  crosses,  it  is  then  possible  to  ascertain  the  presence  and  locus  of  the 

lethal. 

This  procedure  has 
certain  drawbacks. 
Counts  must  be  suffi- 
cient to  make  the 
departure  from  the 
normal  ratio  signifi- 
cant. The  viability  of 
the  marking  genes 
must  be  adequate  to 
avoid  errors  resulting 
from    fluctuations  due 

Fig.  1. — The  CI  B  technique  for  the  measurement  of  to  the  marking  genes 
lethal  mutation  rate  in  the  A'-chromosome  of  Drosophila  4.u„„-,„„i.,„(j  T4-  wac 
mdanogaster.  This  method  is  especially  adapted  for  the  l^nemseives.  11  was 
detection  of  the  effects  of  environmental  agents  on  the  male,  therefore  advisable, 
since  the  tested  X-chromosome  is  paternal.     The  lethal  in  ,  r.ricciK1o  fr.r  Mullor 

the  CI  B  chromosome  kills  all  males  which  carry  it;  the  ^"^  possiDie  lOr  iViUUer 
other  X-chromosomes  are  generally  distinguished  by  the  use  in  DrosophUa,  to  utilize 
of  marking  genes,  here  denoted  by  the  letters  a,  6,  c,  d,  e.  refinements  of  tech- 
nique which  made  the  departures  from  a  normal  ratio  more  striking. 

In  Drosophila,  and  wherever  the  male  is  the  heterozygous  sex,  a  new 
sex-linked  lethal  reveals  its  presence  by  a  ratio  of  two  females  to  one 
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male.  The  use  of  sex- 
linked  marking  genes 
provides  a  further 
check ;  the  surviving 
males  must  bear  a 
special  relation  to  the 
marking  genes,  depend- 
ent on  the  locus  of 
the  lethal.  Now  if  by 
some    means,    crossing 
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1  All  surviving  offspring  are  Cy  if  <x  lethal  is  present 

Fig.  2. — An  experiment  for  the  detection  of  lethals  in 
L3«%TviQo  Jn  rinQotiz-vn    ntiKr  the  sccond  chromosome  of  Drosophila  melajiogaster .     The  Cy 
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chromosome  eliminates  the  cross-overs  in  the  lemale,  ana 

one      type      of      male  usually  the  homozygote  does  not  survive.     Either  males  or 

should  aDDear        There   females  may   be  treated,   according  to    this  technique;  the 

^^        '       .  diagram  illustrates  an  experiment  in  which  males  are  treated. 

are     in     Drosophila     at   it  should  be  noted  that,  in  this  experiment,  use  is  made  of  two 

present    a 

stocks 

such  tests  possible.     The  first,  and  the  most  widely  used,  is  Muller's 

CI  B  stock  described  in  detail  in  his  1928  paper  (107),  which  contains 

a    general    discussion    of  the   technique   of   measuring   mutation   rate. 


number    of  'dominant  marking  genes  {.Cy  and  A,  which  may  be  any  one 
of  a  number  of  different  dominants). 

which     make 
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111  this  method,  tho  presence  of  a  new  lethal  is  detected  by  a  progeny 
consisting  entirely  of  females  (Fig.  1). 

Autosomal  lethals  present  a  somewhat  more  difficult  problem, 
although  the  difference  is  one  of  detail  (Fig.  2).  They  allow  a  further 
elaboration  of  technique,  which  is  not  possible  with  sex-linked  lethals. 
Since  both  sexes  may  carry  an  autosomal  lethal,  it  is  possible  by  appro- 
priate crosses  to  carry,  in  "balanced"  stocks,  chromosomes  which  are 
allowed,  generation  after  generation,  to  accumulate  lethals.  At  the  end 
of  a  stated  period  tests  are  made,  and  the  occurrence  of  new  lethals 
determined.  This  method  presents  in  acute  form  the  difficulty  met  with 
in  all  lethal  mutation  work  that  frequently  two  lethals  which  are  closely 
linked  may  be  mistaken  for  one. 

The  lethals  so  far  dealt  with  are  the  recessive  lethals.  There  is  a  class 
of  dominant  lethals,  whose  presence  in  single  dose  causes  the  death  of 
the  zygote.  They  are  detected  by  departures  from  expected  ratios  in 
certain  matings,  and  while  they  are  probably  largely  due  to  chromosomal 
aberrations,  are  here  mentioned  because  of  their  high  frequency  of 
detection  in  certain  special  cases  (43,  54,  58,  105,  148,  167). 

It  is  readily  understandable  that  these  techniques  used  in  Drosophila 
do  not,  in  principle,  depend  on  special  attributes  of  the  species.  Their 
generality  is  a  function  of  the  chromosomal  mechanism  on  which  they 
are  based.  It  may  be  anticipated  that  mutation  studies  on  any  animal 
must  be  aided  by  a  thorough  study  of  the  methods  developed  by  Muller 
(see  especially  107).  Indeed,  this  has  already  been  indicated  by  the 
studies  of  Snell  (162)  on  mice  and  of  AstaurofT  (6)  on  the  silkworm. 

Aside  from  technique,  there  is  a  question  of  definition,  which  must 
be  considered  here.  It  is  this:  the  criteria  which  distinguish  the  mutation 
of  genes  from  chromosome  abnormalities  are  far  from  sharply  defined. 
Chromosomal  aberrations  of  various  types  have  long  been  known 
(Bridges,  9 ;  see  also  Mohr,  88)  to  produce  character  changes  which  might 
have  been  attributed  to  gene  mutations.  As  Stadler  (166)  has  pointed 
out,  gene  mutations  form  a  residue,  which  includes  those  cases  where  no 
gross  chromosomal  abnormality  can  be  demonstrated.  This  purely 
negative  definition,  while  it  has  raised  many  theoretical  difficulties, 
suffices  in  practice ;  that  is  to  say,  in  planning  experiments.  Meanwhile, 
the  recent  work  of  Painter  (128)  on  the  chromosomes  of  the  salivary 
glands  of  Drosophila  raises  hopes  that  presently  some  more  definite 
criteria  can  be  set  up. 

THE  CHARACTERISTICS  OF  THE  MUTATION  PROCESS 
THE    DIVERSITY    OF    MUTATION    RATES    AT    DIFFERENT    LOCI 

At  the  outset,  experiments  on  mutation  rate  meet  the  difficult  prob- 
lems which  populations  present.  Either  a  frequently  occurring  phenotype 
is  selected — the   lethal,   for  example — and  the   rate   of  its  occurrence 
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measured;  or  a  particular  locus  is  chosen,  and  frequency  of  its  change 
noted.  In  the  first  case,  many  different  genes,  with  possibly  different 
rates  of  mutation,  contribute  to  the  total  percentage.  On  the  other 
hand,  if  a  particular  locus  is  studied,  the  rate  of  mutation  is  so  low  even 
at  high  X-ray  dosages,  that  experiments  are  exceedingly  laborious. 
Moreover,  there  is  no  possible  estimate  of  the  frequency  of  undetected 
mutations.  In  spite  of  this,  it  is  clear  that  in  order  to  interpret  the  data 
from  experiments  where  whole  populations  of  genes  are  involved,  the 
characteristics  of  these  populations  must  be  known  analytically. 

An  exploratory  survey  can  be  provided  by  the  enumeration  of  the 
recurrences  of  mutants  at  given  loci.  The  frequency  with  which  any 
gene  appears  in  a  group  of  mutations  will  be  proportional  to  its  own 
mutation  frequency.  It  follows  then  that  a  comparison  of  the  numbers 
of  recurrences  at  different  loci  provides  a  measure  of  the  relative  muta- 
bilities of  these  loci.  This  procedure  is  admittedly  rough;  it  takes  no 
regard  of  differences  in  viability,  or  detectability  of  different  pheno types; 
moreover  the  data  are  themselves  collected  in  a  haphazard  manner, 
not  for  the  specific  purpose.  But  they  do  give  a  rough  indication  of 
what  is  to  be  expected. 

Such  a  tabulation  was  provided  for  spontaneous  mutations  by 
Morgan,  Bridges,  and  Sturtevant  (93).  For  the  radiation  experiments, 
a  comparable  table  can  be  constructed  by  using  only  the  sex-linked 
mutants  arising  in  experiments  where  all  these  would  have  been  observed 
and  recorded.  The  two  groups  are  recorded  in  Table  1.  For  the 
autosomes,  no  X-ray  data  are  as  yet  published. 

It  is  clear  that  the  recurrences  of  mutants  at  the  different  loci  vary 
in  the  same  manner  in  both  groups,  generally  speaking.     Two  conclu- 

Tablb    1. — Recurrences    in    Spontaneous    and    Induced    Mutations    in    the 
A'-Chromosome  of  Drosophila  melanogaster 


Looiis 


Yellow 

Scute 

White 

Facet 

Echinus 

Ruby 

Crossveinless . 

Cut 

Singed 

Tan 


Spontane- 
ous 

Induced 

15 

6 

4 

9 

25 

17 

1 

2 

1 

3 

6 

2 

2 

1 

16 

1 

5 

3 

3 

2 

Locus 


Lozenge 

Ascutex 

Vermilion.  .  .  . 
Miniature. . .  . 
Furrowed .  .  .  . 

Garnet 

Rudimentary. 

Forked 

Fused 


Spontane- 
ous 


10 
1 

15 
7 
2 
5 

15 

12 
2 


Induced 


2 
2 
4 

13 
2 
1 
8 

17 
3 


The  data  for  the  spontaneoiLS  mutations  are  from  .Morgan,  Bridge-s,  Sturtevant  (93);  the  induced 
mutations  are  taken  from  the  papers  of  Gowen  and  Gay  (52),  Hanson  and  Winkelman  (71),  Oruneberg 
(56),  Dubinin  (38),  Serebrovsky  and  Dubinin  (162),  and  unpublished  data  of  the  writer.  These  are 
cases  in  which  all  viable  sex -linked  mutations  could  be  detected,  and  were  reported. 
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sions  are  indicated:  the  characteristic  frequency  of  mutation  at  a  given 
locus  is  a  function  of  that  locus;  and  the  sample  of  mutants  from  the 
X-ray  experiments  is  much  like  the  spontaneous  sample.  There  are, 
at  several  loci  (yellow;  vermihon;  and  particularly  cut)  suggestions 
that  the  relative  frequencies  do  differ.  More  data  are  needed  to  deter- 
mine this  point,  which  is  of  considerable  interest  particularly  in  connec- 
tion with  Stadler's  extensive  studies  (166)  of  mutation  rates  in  maize. 

T.^LE  2. — Frequency  of  Mutation  at  Different  Loci  in  the  Z-Chromosome 

OF  Drosophila  melanogaster 


Tested 

Number  of 

Ix)cus 

chromosomes 

mutations 

X-ray  treatment 

Authority 

y 

11,620 

1 

Adult  cf  0^,1325 r units 

Moore  (96) 

oc 

11,620 

2 

Adult  cf  cf,  1 325  r  units 

Moore  (96) 

w 

48,500 

37 

Adult  cfcf,  4800  r  units 

Timofeeff-Ressovsky  (183) 

ec 

11,620 

6 

Adult  c?'  cf ,  1325runits 

Moore  (96) 

V 

11,620 

2 

Adult  d"  cf,l 325 r units 

Moore  (96) 

m 

11,620 

1 

Adult  cTcfjl 325 r units 

Moore  (96) 

9 

11,620 

2 

Adult  cf  cf,  1325 r units 

Moore  (96) 

f 

11,620 

2 

Adult  d' cf,l 325  r units 

Moore  (96) 

f 

32,000 

6 

Adult  d'  cf,  and  larvae, 
3500  r  units 

Patterson  and  Muller  (141) 

f 

19,000 

5 

Adult  cTcf',  4800  r  units 

Timofeeff-Ressovsky  (183) 

Quantitative  data  of  a  sort  (Table  2)  have  been  provided  for  the  loci 
white  and  forked,  by  the  experiments  of  Patterson  and  Muller  (141) 
and  Timofeeff-Ressovsky  (175,  179,  181  to  183).  More  recently,  the 
data  of  Moore  (96)  for  eight  other  loci  have  been  presented  by  Johnston 
and  Winchester  (76).  Different  loci  apparently  have  their  own  char- 
acteristic mutation  rate  (Table  2)  measured  in  the  same  experiment. 
The  differences  are  more  striking  than  is  apparent  in  the  recurrence  table. 
It  should  be  remembered,  however,  that  the  values  in  this  table  come 
from  the  addition  of  many  heterogeneous  groups  of  data.  Moreover, 
certain  other  experiments  of  Timofeeff-Ressovsky  (179)  throw  some  light 
on  one  source  of  the  heterogeneity. 

He  has  studied  the  rates  of  mutation  of  the  normal  allelomorphs  of 
white  in  two  different  geographical  races  of  Drosophila  mela?iog aster, 
and  found  in  a  series  of  carefully  controlled  experiments  (Table  3)  that 
the  mutation  frequency  for  these  allelomorphs,  which  he  could  otherwise 
not  distinguish  from  each  other,  shows  a  distinct  difference.  In  other 
words,  differently  mutable  forms  of  the  same  gene  may  exist.  The 
importance  of  these  data  for  the  present  discussion  is  obvious.  Not  only 
do  genes  at  different  loci  have  characteristically  different  mutation  rates, 
but  even  the  same  locus  may  vary. 
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Table  3. — Comparison  of  the  Mutability  of  the  Normal  Allelomorphs  of 
White  (TF^  and  W^)  in  Two  Geographical  Races  of  Drosophila 

melanogaster 
Adult  cf  cf,  treated  with  X-ray  dosage  of  4800  r   (Timofeeff-Ressovsky,  179) 


W^  with  "American" 
modifiers 

W'^  with  Russian  modi- 
fiers  

PT^  total 

W^  with  Russian  modi- 
fiers   

W^  with  American 
modifiers 

PF«  total 


Number 

of 

X-rayed 

genes 


31,000 

28,200 
59,200 


49,200 

26,100 
75,300 


Number  of  mutations 


W 


w 


22 

19 
41 


13 

6 
19 


W  —  w'^ 


9 
14 


13 

8 
21 


Total 


27 

28 
55 


26 

14 
40 


Total 
muta- 
tions 


0.087 

0.100 

0 . 093  + 

0.012 

0.053 

0.054 

0.053  ± 

0.008 


Per- 
centages 
W  -  IV, 
of  all 
muta- 
tions 


81 

68 
75  ±5 


50 

43 

47  ±7 


W-w 
among 

all 
muta- 
tions 


19 

32 
25  +  5 


50 

57 
53+7 


Total  mutations  ^F■^   -    IF«  =  0.040  ±  0.013. 

Relative  per  cent  w  and  w'  mutations  =  28  ±  8.5  per  cent. 

Demerec  (13  to  21,  23)  has  made  extensive  studies  of  a  group  of 
frequently  mutable  genes  in  Drosophila  virilis,  which  may  be  relevant 
to  this  problem.  These  are  a  group  of  recessives  which  frequently 
revert  to  the  normal  allelomorph.  They  exist  in  different  forms  which 
are  distinguished  by  differences  in  their  rates  of  mutation  in  the  different 
tissues.  It  is,  however,  as  yet  an  open  question  whether  or  not  these 
genes  belong  to  a  special  category;  and  therefore  the  differences  between 
the  various  forms  cannot  be  compared  safely  with  those  found  by 
Timof^eff-Hessovsky. 


THE     STABILITY     OF     DIFFERENT     MEMBERS      OF     ALLELOMORPHIC     SERIES 

In  the  preceding  section  it  has  been  shown  that  mutation  rate  varies 
from  locus  to  locus,  and  even  that  the  same  gene  may  exist  in  different 
forms  distinguishable  only  by  their  mutation  rates.  For  a  closer  analysis 
of  this  variation,  it  is  necessary  to  consider  the  data  on  mutation  rates 
in  the  different  members  of  a  series  of  multiple  allelomorphs.  Tliis  has 
been  provided  largely  by  Timofeeff-Ressovsky  (179,  182,  183)  for  the 
white  locus  in  Drosophila  melanogaster,  where  the  series  is  one  of  the  most 
extensive  available. 

One  of  the  necessary  prerequisites  to  such  work  is  the  demonstration 
that  recurrences  of  the  different  members  of  an  allelomorphic  series  are 
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actually  found.  Timof(5eff-Ressovsky  has  studied  this  problem  (184), 
and  came  to  the  conclusion  that  he  is  indeed  dealing  with  recurrences 
of  the  same  mutations,  as  far  as  the  present  technique  can  establish  this. 
Each  member  of  the  series  presents  a  group  of  effects  whose  association 
is  constant.  It  may  be  noted  that  Friesen  (44)  has  reached  somewhat 
different  conclusions,  and  more  recent  studies  of  Bridges  (unpublished) 
show  an  unsuspected  variety  in  the  array  of  white  allelomorphs — some 
of  which  may,  nevertheless,  on  occasion  be  indistinguishable  each  from 
the  other.  Yet,  as  a  first  approximation,  Timofeeff-Ressovsky's  con- 
clusion may  perhaps  be  adequate. 

Table  4. — Mutations  in  Different  Directions  at  the  White  Locus  in  Droso- 

PHILA    MELANOGASTER 

Treated  adult  males,  circa  4800  r.     (Timofeeff-Ressovsky,  183) 


Muta- 

tions  to 

from 

w 

u-*/ 

iif 

w" 

u* 

W 

W 

Number  of 

treated 

gametes 

Total 
percentage 

W 

Uf> 

v^ 

Itf 

tt)" 

tV 

ti^f 

m/ 

w 

Total. .  .  . 

25 

1 
3 
1 
2 

13 
1 
1 

47 

1 

1 
2 

3 

1 

• 

1 

1 
6 

1 
1 

2 

1 

1 
4 

5 

2 

7 

2 
2 

48,500 
6,000 

12,000 
5,000 

11,000 

39,000 
5,500 
7,000 

54,000 
188,000 

0.0763 

0.0333 

0.0272 
0.0462 

0  00555 

w; 


-bf 


,^ 


w 


w: 


w 


w 


X 


^ 


The  mutation  experiments  are,  as  has  been  said,  enormously  lal)orious, 
although  the  technique  is  simple.  The  rates  are  small,  and  it  is  difficult 
to  attach  more  than  qualita- 
tive value  to  such  low  per- 
centages. Nevertheless, 
Timofeeff-Ressovsky  has 
demonstrated  (Table  4)  that 
any  one  member  of  the  series 
may  on  occasion  change  into 
another  (Fig.  3),  albeit  with 
different  frequencies.  A 
striking  instance  is  afforded 
by  the  differences  between  the  frequency  of  mutation  to  different 
allelomorphs  of  the  two  normal  genes  previously  referred  to  (Table  3). 
The  extreme  reverse  mutation,  from  white  to  wild  type,  has  not  been 
found;  yet  even  here  a  two  step  reversion  is  possible:  white  to  eosin, 
eosin  to  wild  type.     This  is,  as  it  were,  a  limiting  case;  for,  in  general, 


Fig.  .3. —  (a)  Mutations  from  the  wild  type,  and 
from  white,  to  different  intermediate  allelomorphs: 
(h)  mutations  at  the  white  locus  to  and  from  the 
intermediate  allelomorph  eosin  (w*).  [After 
Timofeeff-Ressovsky  (183). 1 
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mutations  from  darker  to  lighter  allelomorphs  are  more  frequent  than  the 
contrary.  Moreover,  of  all  mutations  at  the  locus,  that  to  white  is  the 
most  frequent. 

At  other  loci,  no  such  elaborate  studies  have  been  carried  out  as  yet. 
There  are  available  data  on  the  frequency  of  direct  and  reverse  mutations 
for  a  number  of  loci,  which  are  useful  for  orientation  (Table  5).  Origi- 
nally carried  out  rather  for  the  purpose  of  demonstrating  that  reverse 
mutations  could  occur  (and  hence  that  the  action  of  radiation  is  not 
purely  destructive),  they  nevertheless  serve  the  same  purpose  as  the 
experiments  with  the  white  allelomorphs.  Patterson  and  Muller  (141) 
and  Timofeeff-Ressovsky  (181,  182)  have  studied  the  locus  of  forked 
in  some  detail.  More  recently,  Johnston  and  Winchester  (76)  have 
added  to  Timofeeff-Ressovsky's  earlier  data  on  miscellaneous  loci  a 
large  body  of  experiments.  From  a  comparison  of  their  data  with  those 
of  Moore  on  direct  mutation  they  conclude  that,  in  general,  reverse 
mutations  are  much  rarer  than  direct  ones  and  that  there  seems  to  be  no 
apparent  relation  between  the  two  frequencies. 


Table  5. 

— Reverse 

Mutations 

,    IN    DrOSOPHILA    MELANOGA8TER 

Timofeeff-Ressovsky 

Johnstoif  and  Winchester  (76) 

(175)  4800  r 

3975  r 

Locus 

Number  of 

Number  of 

Number  of 

Number  of 

tested 

reverse 

Locus 

tested 

reverse 

gametes 

mutations 

gametes 

mutations 

Chromosome  I 

y 

6,354 

.'/ 

69,923 

1 

sc 

14,550 

3 

sc 

101,042 

3  (2?) 

w 

See  Table  4 

W 

69,302 

ec 

14,550 

ec 

57,323 

cv 

6,354 

1 

ct 

57,323 

1 

ct 

9,788 

V 

61,119 

1  (?) 

V 

16,142 

1? 

m 

39,923 

2 

g' 

9,788 

Q 

57,323 

4(?) 

f 

29,000 

7 

f 

130,421 

11  (4?) 

Chromosome  III 

,    , 

car 

69,302 

1  (?) 

ru 

13,814 

.    . 

.    , 

Patterson  and 

h 

13,814 

1 

Muller  (141) 

th 

5,681 

Larvae 

forked  locus 

St 

13,814 

1500+  r 

21,290 

6 

Tjf 

8,133 

2 

Adult  cf  d" 

11,298 

2 

cu 

5,681 

1500  ±r 

so 

8,133 

sr 

5,681 

es 

13,814 

ca 

5.681 
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As  has  just  been  pointed  out,  the  data  involve  such  small  numbers  of 
mutations  even  in  very  large  experiments  that  it  is  difficult  to  use  them 
quantitatively.  Especially  are  they  complicated  by  such  possibilities 
of  variation  as  those  which  Timof^efT-Ressovsky  has  demonstrated  (page 
1217)  for  the  white  locus.  If,  in  spite  of  this,  the  frequency  of  mutation 
to  a  given  type  is  plotted  7^ 
against  the  frequency  of 
mutation  from  it,  a  sur- 
prisingly regular  inverse  func- 
tion results  (Fig.  4).  It  is 
difficult  to  trust  such  a  curve 
too  far;  yet  taken  at  its  face 
value  it  indicates  that  the 
frequency  with  which  any 
gene  is  obtained  as  a  mutation 
is  a  function  of  its  own 
stability.  Thus  most  of  the 
mutations  at  the  white  locus 
are  mutations  to  white,  itself 
the  most  stable  member  of 
the  series.  Such  a  relation 
might  result  from  a  number 
of  simple  chemical  mech- 
anisms;  it  is  implied  in  the 


0         I.        2         3        4         5         6         7        „ 
Mutation  per  Ten  Thousand  From  a  Given  Allelomorph 

Fig.  4. — The  relation  between  the  frequency  of 
mutation    to    a    given    allelomorph,    and    its    own 
mutation  rate  to  other  allelomorphs.     It  should  be 
noted  that  the  probable  errors  of  such  low  values 
are  in  themselves  relatively  large.     Moreover,  tho 
data  for  the  white  locus  (Table  4),  from  Timofeeff- 
Ressovsky  (183);  for  the  other  loci  (Table  5),  from 
Johnston   and   Winchester  (76),  are  in  themselves 
subject  to  error  which  can  not  be  properly  evaluated. 
Well-know^n    Galton    polygon,    Different  allelomorphs  are  not  separated,  and  hetero- 
SO      frequently      used      as      an    aeneous  data  are  lumped.      Each  point  on  the  curve 
•'  represents  the  frequency  of  mutation  to  a  given  gene 

analogy  for  mutations  in  all  the  available  data.  A  full  discussion  of  the 
(Morgan,  Bridges,  and  '^''^^^'°''^  involved  cannot  be  given  here;  but  the 
X,       .  no         T.  discovery  of  the  possibility  of  a  general  rule  for  such 

bturtevant,       93;       Patterson    occurrences     seems    interesting     enough    for 

and  Muller,  141).     But  much  P^«««"t^ti«"- 

more  data  are  necessary  before  elaboration  of  such  ideas  would  be 
useful. 


THE    LOCALIZED    OCCURRENCE    OF   THE    MUTATION    PROCESS 

-In  the  foregoing  sections  it  has  been  made  evident  that  the  probability 
that  a  mutation  will  occur  is  a  property  of  the  particular  gene  concerned. 
This  being  so,  it  becomes  of  interest  to  note  whether,  when  two  members 
of  an  allelomorphic  pair  are  present,  both  mutate  simultaneously,  or 
only  one  of  the  two  changes.  The  question  at  issue  may  be  phrased 
differently:  is  the  mutation  process  a  local  occurrence,  or  is  it  the  response 
of  a  given  gene  to  a  general  change  in  environment?  If  the  latter  were 
true,  both  members  of  a  pair  should  change  at  the  same  time;  on  the 
former  hypothesis,  either  one  or  both  might  change. 
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It  has  long  been  known,  from  the  work  on  frequently  mutating  genes 
in  plants,  that  mutation  occurred  in  only  one  member  of  a  pair,  since  the 
recessive  mutants  were  only  detected  in  the  heterozygotes.  Muller  (98) 
pointed  out  a  similar  possibility  in  Drosophila  melanog aster  from  the  fact 
that  new  mosaic  mutants  occurred  only  in  the  case  of  sex-linked  recessives 
in  the  male,  except  for  the  cases  of  dominants.  The  reasoning  was 
essentially  that  used  in  the  plant  work — the  male  is  haploid  for  the 
X-chromosome,  hence  any  recessive  mutant  shows  immediately.  In  the 
female,  and  in  both  sexes  for  the  autosomes,  two  members  of  each  allelo- 
morphic  pair  are  present,  and  only  if  mutation  occurred  simultaneously 
in  both  could  the  mosaic  be  detected.  In  the  X-ray  work  on  Drosophila 
it  has  been  possible  to  test  this  experimentally  by  studies  of  induced 
somatic  mutations  obtained  by  the  irradiation  of  larvae.  Patterson 
(131,  133)  has  shown  that  somatic  mutations  to  white  are  detected  only 
in  the  male,  or  in  heterozygotes  where  white  is  semidominant  (Table  6). 


Table  6. — Somatic  Mutation  to  White  in  Drosophila  melanogaster 

Only  one  of  the  two  allelomorphs  present  in  the  female  mutates,  hence  no  mosaics  are 

found  in  the  females.     They  are,  however,  found  in  the  males.      (Patterson,  133) 

A.  Wild-type  larvae  irradiated  bj^  X-rays  at  various  stages  of  development  (up  to 

84  hr.) 


Group 

Total   9  9 

Number  of 
mosaics 

Total  (fcf 

Number  of 

mosaics  for 

white 

Treated 

Controls 

395 

440 

424 
449 

9 

B.  Eosin  and  apricot  larvae,  treated  as  above.     Here  the  mutation  to  white  in  one 
of  the  allelomorphs  of  the  female  is  detectable  in  the  heterozygote  as  a  "light 

area" 


Group 


Apricot  9  9 
Apricot  c''  <f 
Eosin    9  9.. 

Eosin  d"  cf    . 


Total 


271 

230 

1020 

925 


Light  areas 


2 
19 


White  areas 


2 
9 


A  more  direct  method  of  test  is  afforded  by  the  study  of  individuals 
which  have  received  both  members  of  a  pair  of  chromosomes  from  one 
parent.  This  was  done  by  Bridges  [Morgan,  Bridges,  and  Sturtevant  (93)1 
in  his  work  on  stocks  which  gave  high  nondisjunction  of  the  X-chromo- 
somes.  Two  cases  were  found  in  which  a  mutation  had  occurred  in  one 
chromosome,  but  not  in  its  partner.  Thus  only  one  of  the  genes  of  a 
pair  had  mutated,  and  not  the  other. 
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The  same  technique  has  been  used  by  Patterson  and  Muller  (141)  in 
the  study  of  X-ray-induced  mutations.  They  irradiated  females,  a 
large  proportion  of  whose  daughters  would  receive  both  X-chromosomes 
from  their  mother.  Among  104  daughters  so  tested,  two  lethals  were 
found,  and  two  reverse  mutations  at  the  scute  locus.  In  all  four  cases, 
the  mutation  had  occurred  in  only  one  member  of  the  allelomorphic 
pair. 

There  is  another  body  of  data  which  leads  to  the  same  conclusion. 
When  adult  males  of  Drosophila  are  irradiated,  which  implies  the  treat- 
ment of  mature  spermatozoa,  mosaic  mutants  appear  among  the  progeny. 
Muller  (105)  has  termed  these  "fractional"  mutations  and  has  pointed 
out  that  they  usually  involve  half  of  the  fly.  A  fractional  mutation  must 
therefore  involve  the  mutation  of  one  of  the  daughter  genes  of  a  given 
chromosome,  without  the  same  mutation  in  the  other — an  even  more 
striking  example  of  the  strict  localization  of  the  mutation  process  than 
those  previously  given.  It  should  be  noted  that  many  of  the  cases  of 
"somatic"  mutation  found  in  untreated  material  probably  belong  to  the 
same  category  as  the  fractionals  in  treated  material,  so  that  the  phe- 
nomenon is  common  to  both  induced  and  spontaneous  mutation.  The 
possible  interpretations  of  fractional  mutation  will  be  considered  later 
with  reference  to  Moore's  (96)  data  and  the  possibility  of  an  aftereffect 
of  X-rays. 

From  these  three  lines  of  evidence,  then,  it  is  clear  that  the  mutation 
process  as  we  know  it  in  Drosophila  is  the  result  of  a  local  disturbance, 
and  not  a  general  change  to  which  specific  genes  respond.  Something 
happens  in  a  given  neighborhood,  the  result  being,  as  we  have  seen  in  the 
previous  sections,  determined  by  the  neighborhood. 

CHROMOSOME   BREAKAGE    AND    THE    PRODUCTION    OF   MUTATIONS 

In  the  preceding  section  it  has  been  shown  that  the  mutation  process 
must  be  traced  to  a  local  disturbance  and  not  to  the  response  of  a  given 
gene  to  some  general  change  in  the  cell.  It  is  now  worth  while  to  examine 
the  proposition  from  another  angle:  What  are  the  effects  on  the  production 
of  mutation  of  other  local  changes  in  the  chromosome?  The  simplest  of 
these  is  chromosome  breakage. 

This  occurs  normally,  of  course,  at  every  meiosis,  in  organisms  where 
crossing  over  is  found.  Crossing  over  is  not,  however,  followed  by 
mutation  ordinarily,  nor  is  mutation  known  even  to  be  associated  with 
the  ordinary  crossing  over  (Sturtevant,  169).  In  the  case  of  the  frequent 
"mutations"  of  the  gene  Bar  in  Drosophila  melanogaster,  Sturtevant  has 
shown  (169,  170)  that  this,  a  special  case,  is  concerned  with  unequal 
crossing  over.  Two  aberrant  types  result,  in  the  case  of  the  homozygous 
Bar  female:  one  which  has  no  Bar  genes;  and  one  which  is  an  extreme  Bar, 
and  contains  two  Bar  genes  in  one  chromosome.     The  juxtaposition  of 
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the  two  allelomorphs  in  one  chromosome,  instead  of  their  being  in  two 
separate  chromosomes,  produces  a  much  stronger  developmental  effect. 
Sturtevant  accordingly  suggested  the  hypothesis  that  the  position  of 
genes  relative  to  each  other  in  the  chromosome  is  a  factor  in  determining 
their  developmental  effects.  Were  this  so,  breakages  of  chromosomes 
which  change  the  normal  constellations  of  genes  should  produce  effects 
similar  to  mutations.  Indeed,  if  the  hypothesis  is  carried  to  its  logical 
conclusion,  it  becomes  very  difficult  to  devise  a  criterion  which  would 
distinguish  a  true  gene  mutation  from  a  position  effect.  The  only 
available  method  at  present  lies  in  the  analysis  of  what  happens  at  the 
breakage  points  in  chromosome  rearrangements. 

In  the  first  place,  it  should  be  noted  that  of  the  relatively  few  "spon- 
taneous" chromosome  rearrangements,  a  majority  show  phenotypic 
changes  located  at  the  points  of  rearrangement.  Bridges'  (10)  original 
Pale  translocation  in  Drosophila  melanog aster  was  detected  by  virtue  of 
such  an  effect;  similarly,  with  the  "Blond"  translocation  of  Burkart  (11) 
and  Burkart  and  Stern  (11a);  while  Muller's  CI  B  inversion  (107);  the 
"Curly"  complex  of  Ward  (187) ;  Sturtevant's  (33)  translocation  II-III  E 
afford  further  examples  of  rearrangements  with  phenotypic  changes 
located  at  the  points  of  rearrangement. 

It  is  in  the  X-ray-induced  rearrangements  that  the  phenomenon 
becomes  really  striking.  Muller  and  Altenburg  (116,  117)  and  Dob- 
zhansky  (27,  28,  30)  found  that  the  majority  of  such  rearrangements  were 
lethal  when  homozygous,  or  else  showed  characteristic  mutational 
changes.  Oliver  (125)  made  a  similar  observation  in  the  X-chromosome 
regarding  the  correlation  of  lethal  effects  and  chromosome  rearrange- 
ments leading  to  a  reduction  of  crossing  over.  More  recently,  Patterson, 
Stone,  Bedichek,  and  Suche  (142)  have  supplied  extensive  data  on  the 
relative  frequency  of  lethal  effects  in  the  homozygotes  of  translocations. 

Table  7. — Tests  of  Translocations  for  Viability  in  Homozygous 

Condition 
(Patterson,  Stone,  Bedichek,  and  Suche,  142) 


Number 

Types 

tested  for 
viability 

Number 
viable 

Percent- 
age 

Number 
fertile 

Percent- 
age 

Undeter- 
mined 

as  homo- 

viable 

fertile 

fertility 

zygote 

Ta  1-2 

57 

30 

52.6 

21 

91.3 

7 

Ta  1-3 

71 

30 

42.2 

27 

90.0 

Ta  1-4 

14 

14 

100 

13 

100 

1 

7'x2-4 

33 

23 

69.6 

15 

88.2 

6 

7x3-4 

37 

18 

48.6 

16 

88.8 

7x2-3 

120 

19 

15.8 

19 

100 

Expected  percentane  of  viable  and  fertile  2  to  3  translocations:  17.6. 
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Their  data  are  given  in  Table  7.  It  is  possible  to  compute,  as  they  have 
done,  from  the  frequency  of  viable,  fertile  homozygotes  in  the  trans- 
location types  1-2,  2-4  and  1-3,  3-4,  the  expected  frequency  of  the  2-3  type. 
This  can  be  done  because  there  are  no  lethals  in  the  1-4  type,  and  it 
may  hence  be  inferred  that  the  chance  of  picking  up  a  lethal  effect  in 
chromosome  IV  is  negligible.  In  chromosome  I  no  lethals  are  recovered 
in  their  experiments,  therefore  any  lethal  effects  must  be  due  to  chromo- 
somes II  or  III.  The  computed  and  observed  percentages  for  the  2-3 
type  are  in  close  accord.  From  this,  and  from  the  rough  determinations 
of  the  locus  of  the  point  of  break  available,  they  conclude  that  there  is 
"no  positive  correlation  between  the  region  of  breakage  and  the  lethals 
induced  at  the  time  of  breakage."  This  depends  for  its  validity  chiefly 
on  the  determination  of  locus  of  break,  a  determination  difficult,  if  not 
impossible,  to  make  by  genetic  methods  with  the  accuracy  required. 
The  finer  analysis  possible  as  a  result  of  Painter's  (128)  explorations  of 
the  size  and  differentiation  of  the  chromosome  of  the  Drosophila  salivary 
gland  is  needed  for  this  purpose.  The  other  point,  the  agreement  between 
calculated  and  observed  values  of  viable  homozygotes,  indicates  simply 
that  the  occurrence  of  a  lethal  effect  is  a  function  of  the  chromosome  in 
which  that  effect  occurs  and  need  not  depend  on  the  other  chromosome 
involved  in  the  translocation.  The  question  is  a  complicated  one  which 
is  difficult  to  settle  without  more  detailed  data  than  are  at  present 
available,  except  in  a  few  cases.  These  concern  the  study  of  mutations 
localized  around  the  breakage  points  of  chromosome  rearrangements. 

There  are  two  ways  in  which  such  experiments  may  be  conducted. 
Either  the  tests  are  so  arranged  that  a  particular  mutant  effect  is  detected, 
and  examined  for  the  occurrence  of  a  break;  or  a  particular  type  of  rear- 
rangement is  selected,  and  then  examined  for  the  occurrence  of  the 
"mutation."  Both  permit  the  determination  of  whether  a  given  break 
is  associated  with  a  given  mutant  effect.  The  latter  type  of  experiment 
tests  in  addition  the  possibility  that  an  effect  occurs  only  in  association 
with  a  break,  but  that  not  all  breaks  at  a  locus  produce  the  effect.  Four 
loci  in  all  have  been  studied  in  either  one  or  the  other  of  these  ways: 
Bar  (X-chromosome,  58.0),  brown  (II,  104  to  106),  bobbed  {X,  66)  and 
cubitus  interruptus  (IV,  near  spindle  attachment). 

At  the  bar  locus,  the  first  data  of  this  kind  were  supplied  by  Dob- 
zhansky's  study  (31)  of  a  mutant  which  he  called  baroid.  This  repre- 
sented a  mutation  from  wild  type  to  baroid;  it  was  found  to  be  associated 
with  a  translocation  whose  locus  in  the  X  was  at  Bar,  and  indeed  by  all 
available  tests  turned  out  to  be  a  Bar  allelomorph.  According  to 
Sturtevant  (171)  no  effective  normal  allelomorph  of  Bar  can  be  detected. 
Dobzhansky,  making  u.se  of  the  demonstrated  position  effect  at  the  Bar 
locus,  suggested  that  the  appearance  of  the  baroid  mutation  was  an 
effect  of  the  change  of  neighbors  brought  about  by  the  rearrangement  of 
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genes.  It  may  be  remarked  (see  Stadler,  166)  that  this  is  of  particular 
interest  in  connection  with  Hanson's  (59)  reversions  at  the  Bar  locus. 

Similarly  for  the  brown  locus,  a  series  of  dominant  brown  allelo- 
morphs— all  of  them  producing  variegated  eye  colors — were  detected  in 
progenies  from  X-ray  experiments.  These  were  then  (46,  47,  48,  111, 
149,  186,  188)  found  to  be  associated  with  chromosome  rearrangements 
which  in  all  cases  had  one  of  the  points  of  breakage  near  the  brown  locus. 
Furthermore,  in  two  of  the  cases  tests  were  made  (Schultz  and  Dob- 
zhansky,  149)  of  the  genes  lying  in  the  region  of  the  other  break,  and 
mutations  were  found  to  have  occurred  there  also.  It  was  also  possible 
to  demonstrate  that  no  simple  occurrence  of  gene  deficiency  could  account 
for  these  results.  This  case,  it  should  be  noted,  is  complicated  by  the 
variegation  which  is  associated  with  all  these  mutations  and  whose 
analysis  is  essential  for  the  understanding  of  their  nature. 

In  the  case  of  bobbed  and  of  cubitus  interruptus,  the  rearrangements 
have  been  selected  and  then  studied  for  mutations.  Sivertzev-Dob- 
zhansky  and  Dobzhansky  (159)  found  that  all  of  the  five  aberrations  with 
breakage's  near  the  bobbed  locus  showed,  under  the  proper  circumstances, 
mutations  to  bobbed.  Similar  cases  have  also  been  reported  by  Sidorov 
(157),  and  by  Stern  (168a).  Again  there  is  an  association  between 
breakage  in  a  given  region,  and  mutation. 

The  most  striking  case  of  all,  however,  concerns  the  extensive  series 
of  translocations  involving  the  fourth  chromosome,  tested  by  Dubinin 
and  Sidorov  (41).  Out  of  19  translocations,  10  exhibit  an  apparent 
mutation  to  cubitus  interruptus,  when  heterozygous  for  this  recessive. 
Dubinin  and  Sidorov  further  show  that  the  translocations  themselves 
do  not  manifest  cubitus  interruptus  under  conditions  when  they  might 
be  expected  to,  did  they  contain  the  gene  mutation  itself.  The  phe- 
nomenon is  then  a  decrease  in  the  dominance  of  the  normal  allelomorph 
of  cubitus  interruptus  which  is  present  in  these  10  translocations.  Also 
in  certain  of  their  translocations,  mutations  are  found  at  both  points 
concerned  in  the  translocation.  This  behavior  of  cubitus  interruptus 
may  be  compared  with  Dobzhansky  and  Sturtevant's  (34)  data  on  the 
decrease  of  dominance  in  a  series  of  X-chromosome  duplications. 

All  of  the  cases  discussed  agree  in  the  correlation  of  specific  mutational 
effects  with  breakages  in  specific  regions.  They  do  not,  however,  afford 
as  yet  a  demonstration  of  position  effect  comparable  to  that  given  in  the 
original  case  of  Bar.  In  each  case,  specific  objections  may  be  raised  which 
prevent  complete  conviction.  In  the  case  of  baroid,  mutation  alone  may 
account  for  the  result;  in  the  dominant  eye  colors,  the  variegation  com- 
plicates the  issue;  bobbed  may  be  concerned  with  the  general  problem 
of  the  inert  region  (Muller  and  Painter,  120;  Dobzhansky,  32);  and  the 
cubitus  interruptus  case,  the  most  extensively  tested,  may  merely  involve 
mutation  to  a  different  potency  of  wild-type  allelomorph.     Moreover,  all 
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of  these  cases  await  the  more  accurate  data  on  locus  of  breakage  afforded 
by  cytological  study  of  the  chromosomes  of  the  salivary  glands. 

Despite  these  objections,  it  seems  probable  that  the  mutational  effects 
actually  are  due  to  the  change  of  neighboring  genes  resulting  from  trans- 
location. The  alternative  hypotheses  reduce  to  two:  (a)  presence  of 
deficiency  at  the  locus  of  break,  owing  to  destruction  of  genie  material 
at  the  time  of  break;  or  (6)  mutation  in  a  broad  sense.  The  former 
hypothesis,  as  has  been  seen,  is  specifically  eliminated  in  three  of  the 
previous  cases.  As  a  general  proposition  for  lethal  effects  it  is  rendered 
unlikely  by  experiments  of  Schultz  (Morgan,  Bridges,  and  Schultz,  94) 
to  test  the  association  of  deficiencies  with  translocations.  Forty  Minutes, 
which  belong  to  a  dominant  phenotype  probably  due  in  most  cases  to 
deficiency,  were  found  in  an  X-ray  experiment.  They  were  then  tested 
for  translocation;  not  one  was  found,  although  under  similar  circum- 
stances a  few  might  have  been  expected  as  a  chance  occurrence. 
Certainly  there  is  no  marked  association  between  the  production  of 
deficiencies  and  of  translocations. 

The  present  data  do  not  offer  the  possibility  of  completely  excluding 
the  mutation  alternative.  A  position  effect  must,  properly  speaking,  be 
due  to  an  upset  of  the  normal  relation  between  a  gene  and  its  neighbors; 
when  new  neighbors  are  substituted  for  the  old,  the  gene  behaves  differ- 
ently and  an  apparent  mutation  results.  However,  it  is  possible  that  the 
mere  separation  is  sufficient  to  bring  about  a  change  in  the  gene,  owing 
to  the  disruption  of  intergenic  bonds  (Muller  and  Altenburg,  117; 
Sivertzev-Dobzhansky  and  Dobzhansky,  159).  This,  however,  is  not 
properly  to  be  classed  as  a  position  effect;  proof  of  specific  mutual  rela- 
tions between  neighboring  genes  is  necessary  first. 

Certain  data  on  the  behavior  of  the  dominant  brown  allelomorphs 
point  in  this  direction  (Schultz  and  Dobzhansky,  149).  It  may  be  sur- 
mised, however,  that  the  study  of  the  reversibility  of  such  mutational 
effects  may  provide  a  real  distinction;  since  the  reverse  rearrangement 
will  also  involve  a  break,  there  should  be,  unless  a  true  position  effect 
exists,  no  corresponding  specific  reversal  of  the  mutational  effect. 


THE    "group    effect" THE    ASSOCIATION    OF    MUTATIONS    WITH 

EACH    OTHER 

From  the  preceding  section,  it  would  appear  that  apparent  mutational 
effects  are  associated  to  a  high  degree  with  chromosome  breakages. 
Whatever  the  interpretation,  the  fact  raises  another  question:  To  what 
degree  are  mutations  associated  with  each  other?  Muller  (113)  has 
addressed  himself  to  this  problem  in  the  following  way,  which  resembles 
the  methods  used  in  the  study  of  mutations  at  the  breakage  point  of 
translocations:  He  selected  mutations  at  the  locus  of  scute,  and  then 
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tested  for  other  mutations  nearby.  The  detailed  data  are  not  as  yet 
published;  but  it  appears  that  perhaps  more  than  one-quarter  of  the 
scute  mutations  found  are  lethal,  or  associated  with  a  lethal.  In  a 
number  of  cases  MuUer  was  able  to  demonstrate  that  the  lethal  was  at 
a  different  locus  from  scute.  Similar  data  were  previously  available  in 
a  few  scattered  cases  (Muller,  112;  Patterson  and  Muller,  141).  The 
chance  expectation  of  such  an  association  of  two  mutants  is  very  low; 
the  results  suggest  therefore  that,  although  the  mutation  process  is 
highly  localized,  it  is  nonspecific  in  the  sense  that  more  than  one  gene  in  a 
given  neighborhood  may  be  affected.  Muller  and  Mott-Smith  (Muller, 
113)  have  examined  and  discarded  the  possibility  that  two  hits  by  a 
single  electron  could  account  for  the  observed  results.  It  follows  that 
the  phenomenon  is  a  property  of  the  biological  system. 

For  distances  farther  apart,  there  appears  to  be  no  correlation,  if  the 
results  of  Gowen  and  Gay  (52)  on  lethal  mutations  are  to  be  accepted. 
Yet  Muller  (112)  has  found  a  case  in  which  of  all  three  mutations  in  a 
given  experiment,  two  at  widely  separated  loci  occurred  in  a  single  indi- 
vidual. Moreover,  it  is  to  be  remarked  that  in  these  experiments  one 
chromosome  only  was  followed;  such  correlations  may  extend  to  the 
other  chromosomes  as  well. 

The  data  of  Patterson  and  Suche  (143)  show  that  in  20  cases,  where 
crossing  over  was  induced  in  the  male  by  X-rays,  six  lethals  were  found, 
of  which  two  were  separable  from  the  locus  of  crossing  over.  Shapiro 
and  Neuhaus  (156)  have  obtained  with  a  higher  X-ray  dosage  7.8  per 
cent  of  lethals  in  the  second  chromosome.  The  result  indicates  a  possible 
correlation  between  the  occurrence  of  crossing  over  in  the  male  and  the 
production  of  lethal  mutations.  Contrariwise,  these  lethals  showed  no 
tendency  to  accumulate  close  to  the  breakage  points  (or  points  of  crossing 
over),  a  result  to  be  expected  on  the  position-effect  hypothesis.  However, 
the  relation  of  the  crossing-over  process  to  the  process  of  translocation  is 
still  too  unsettled  to  permit  this  to  be  used  as  evidence. 

The  interpretation  of  the  group  effect  is  obviously  bound  up  with  the 
interpretation  of  the  mutational  effects  at  breaks  in  chromosomes.  It  is, 
as  Muller  has  pointed  out,  possible  to  regard  the  cases  which  have  been 
discussed  in  connection  with  position  effect  as  instances  of  the  grouping 
of  mutational  effects.  This  depends  on  an  assumption  which  can  now, 
by  the  analysis  of  the  chromosomes  of  the  salivary  glands,  be  verified — 
that  the  point  of  mutation  and  break  are  not  the  same,  but  close  together. 
On  the  other  hand  the  group  effect  itself  is  based  for  its  demonstration  on 
data  which  involve  lethals — possible  deficiencies,  and  therefore  capable 
themselves  of  producing  changes  resulting  in  position  effects.  The  chief 
question  then,  is  whether  there  are  two  i)henomena  represented  in  these 
data,  or  one. 
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THE  STUDIES  OF  GENERAL  MUTATION  RATE 
THE    RELATION   BETWEEN    LETHAL    AND   VIABLE    MUTATIONS 

In  the  preceding  sections  it  has  been  shown  that  the  population  of 
genes  varies  in  the  frequency  with  which  its  members  mutate,  that  this 
mutation  is  a  highly  localized  process,  and  that  at  any  given  locus  it 
occurs  in  directions  whose  frequency  may  be  related  to  the  stability  of  the 
resultmg  genes.  Moreover,  in  any  group  of  mutations  occurring  under 
conditions  where  chromosome  breakage  is  frequent,  many  will  be  associ- 
ated with  the  points  of  breakage;  and  the  occurrence  of  one  mutation 
in  a  gamete  probably  increases  the  chance  that  another  will  be  present. 
These  are  the  properties  which  must  be  expected  to  influence  the  composi- 
tion of  any  collection  of  mutations  to  a  given  phenotype.  It  is  with 
such  collections  of  mutations  that  the  greater  part  of  the  mutation 
experiments  are  concerned,  particularly  those  having  to  do  with  the 
mode  of  action  of  radiation. 

The  lethal-mutation  experiments,  the  technique  of  whose  performance 
has  been  described,  make  it  possible  to  obtain  measurable  percentages 
of  mutation,  even  "spontaneously."  They  justify  therefore,  only  as  a 
matter  of  convenience,  the  difficulty  of  interpretation  introduced  by 
lumping  so  heterogeneous  a  group  of  genes  as  are  necessarily  collected  in 
the  lethal  mutations.  It  has  long  been  suspected,  moreover,  (Morgan, 
Bridges,  and  Sturtevant,  93)  that  these  are  in  the  main  due  to  losses  of 
small  sections  of  chromosomes.  The  question  is  one  which  needs 
investigation  in  the  chromosome  of  the  sahvary  glands,  where  alone  it 
should  be  possible  to  decide  whether  most  lethals  are  actually  deficiencies. 
It  is  obvious,  and  will  be  considered  in  more  detail  later,  that  such  a 

Table  8. — Comparison  of  Frequency  of  Lethal  and   Viable    Mutations  in 
THE  Sex  Chromosome  of  Drosophila  melanogaster 


Authority 


Muller  (105) 

Timofeeff-Ressovsky  (178). 


Patterson  (138) 

Gowen  and  Gay  (52) 

Timof 6efiF-Ressovsky  ( 1 85 ) . 


Number 
lethals 


Number 
viables 


89 
138 

89 
57 

82 

112 
320 
302 


39 
16 

8 
3 
4 

16 

44 

31 


Ratio 
lethal:  viable 


2.23* 

8.62 

10.12 
19.00 
20.5 

7,00 

7.27 

9.74 


*  This  low  ratio  may  be  due  to  the  inclusion  of  autosomal  dominants  in  the  viable  mutations. 
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demonstration  would  materially  change  the  interpretation  of  certain 
experiments.  Patterson  (138)  has  indeed  shown  in  tests  of  a  series  of 
chosen  genes  that  on  the  average  seven-eighths  of  the  apparent  mutations 
at  a  locus  probably  are  deficiencies  and  also  are  recessive  lethals. 

In  Table  8,  the  data  of  a  number  of  investigators  have  been  brought 
together,  and  a  comparison  is  available  of  the  relative  frequencies  of 
lethal  and  viable  mutations.  It  may  be  remarked  that  the  agreement 
between  the  different  investigators  is  surprisingly  good.  It  was  then 
necessary  to  show  that  under  given  conditions  the  same  picture  would 
present  itself  when  lethal  mutations  were  studied,  as  was  found  with  the 
viable  mutations.     MuUer  (107)  accordingly  in  his  studies  of  spontaneous 

lethal  mutation  carried  out  tests  of 
the  lethals,  designed  to  determine 
whether  their  distribution  on  the 
chromosome  was  like  that  of  the 
viable  mutations.  This  he  also  did 
for  the  lethals  of  his  X-ray  experi- 
ment (105)  and  similar  tests  have 
^  ^  been    carried    out   by   Harris    (72), 

n  i-i       PI  PI         Ohver  (125),  and  Gowen  and  Gay 

llHIrTln  J~rl       l^;TVf>>^h      (52).     If  against  the  genetic  map  as 

an  abscissa  the  frequency  of  muta- 
tion per  unit  is  plotted,  a  marked 
clustering  of  mutations  in  certain 
regions  is  detected.  This  is  due  to 
a  discrepancy  between  the  cross-over 
map  and  the  cytological  map  (28, 
29,  32,  120)  which  is  dependent  on 
regional  differences  in  the  frequency 
of  crossing  over.  Figure  5  shows 
the  results  of  Oliver's  (125)  experiments.  It  is  clear  that  a  clustering 
exists,  such  as  is  found  in  the  visible  mutations  for  the  X.  This 
shows  then  that,  in  a  lethal-mutation  experiment,  the  same  population 
of  genes  furnishes  the  mutations  as  in  an  experiment  with  viable 
mutations.  It  should  be  clearly  understood,  however,  that  it  does 
not  necessarily  follow  that  the  same  genes,  or  type  of  mutation 
process,  are  involved  in  both  cases.  For  the  observed  clustering  probably 
depends  merely  on  the  differences  in  the  numbers  of  genes  between  two 
points  in  different  parts  of  the  genetic  map. 

Whatever  the  relation  between  lethals  and  viable  mutations,  the  bulk 
of  the  quantitative  data  available  concerns  the  former.  A  discussion  of 
the  experimental  attack  on  the  nature  of  the  mutation  process  is  therefore 
to  a  large  extent  an  account  of  experiments  with  the  rate  of  lethal 
mutation. 
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Fig.  5. — The  distribution  of  lethal 
mutations  in  the  X-chromosome  of 
Droaophila  melanogaster .  The  chromo- 
some, whose  genetic  map  is  the  abscissa, 
is  divided  into  regions  five  units  in  length. 
The  ordinates  are  numbers  of  lethals: 
(a)  47  lethals,  dosage  385  r;  {h)  bl  lethals, 
dosage  770  r;  (c)  46  lethals,  dosage  1540 
r;  (d)  46  lethals,  dosage  3080  r;  (e)  37 
lethals,  dosage  6160  r;  (/)  233  lethals, 
total.      {After  Oliver,  125.) 
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THE  VARIABILITY   OF  LETHAL-MUTATION   RATE 

As  has  been  indicated,  even  the  total  rate  of  lethal  mutation  per 
chromosome,  under  usual  conditions,  is  quite  low,  and  hence  has  a  high 
probable  error.  It  is  therefore  of  interest  to  compare  the  values  for  the 
A'-chromosome,  obtained  by  different  experimenters,  and  so  to  have 
some  notion  of  the  variabihty  of  the  process  with  which  we  are  dealing, 
under  ordinary  conditions.  In  Table  9,  the  control  values  provided  by  a 
number  of  investigators  have  been  put  together.  It  is  difficult  with 
such  low  percentages  to  make  any  satisfactory  estimate  of  variability, 
although  certain  values  appear  definitely  low  and  others  high.  What  is 
clear  is  that  all  are  of  the  same  order  of  magnitude. 

Table  9. — Variation  in  Spontaneous  Lethal-mutation  Rate  in  the 

X-CHROMOSOME    OF    DrOSOPHILA    MELANOGASTER 

A  summary  of  the  control  data  in  the  CI  B  experiments 


Authority 


MuUer  (107) 

MuUer  (105) 

Harris  (72) 

Hanson  and  Heys  (60) ...  , 

Muller  (112) 

Timofeeff-Ressovsky  (178) 

Babcock  and  Collins  (7) .  . 
Patterson  (134) 

Timofeeff-Ressovsky  (185) 

Oliver  (125) 

Efroimson  (43) 

Total 


Number  of 

chromo- 
somes tested 


3,935 

198 

986 

423 
1,308 

984 

1,013 

479 

793 
984 

3,362 

/986 

)453 
'952 

1,827 
3,058 

4,033 

371 

26,145 


Number  of 
lethals 


9 

1 

1 
2 

2 
4 

10 

1 

48 


Percentage 
of  lethals 


0.102 


0.202 


0.076 

0.202 
0.690 
0.204 

0.126 


0.261 
0.101 

0.221 
0.210 

0.109 
0.130 

0.248 

0.269 

0.180 
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There  is  no  such  extensive  series  of  data  for  any  other  chromosomes. 
Muller  (107)  in  studies  of  the  second  chromosome  of  Drosophila  melano- 
gaster,  found  in  one  experiment  involving  4098  tested  chromosomes,  a 
lethal  percentage  of  0.58;  in  another,  with  6462  chromosomes,  the 
percentage  of  lethals  was  0.48.  Their  average  (0.53),  it  will  be  noted, 
stands  to  the  average  percentage  of  0.18  for  the  Z-chromosome,  given 
in  Table  9,  in  the  ratio  of  2.9.  More  recently,  in  an  X-ray  experiment, 
Shapiro  and  Neuhaus  (Table  12)  have  found,  in  the  mature  spermatozoa, 
at  a  dosage  of  2134  r-units,  a  value  of  9.1  per  cent  of  lethals  for  this 
chromosome.  The  value  for  the  X-chromosome,  at  a  comparable 
dosage,  would  be  about  5.9  per  cent  (see  Fig.  6) — a  ratio  of  1.5.  Neither 
of  these  ratios  departs  significantly  from  the  ratios  of  the  genetic  maps, 
or  the  ratios  of  the  lengths  of  these  chromosomes  in  the  salivary  glands. 
Comparison  of  such  data  from  different  experiments  is,  however,  danger- 
ous. Although  the  conclusion  is  plausible  that  the  average  mutation 
rate  in  the  two  chromosomes  is  the  same,  further  data  are  necessary 
to  establish  it. 

In  certain  earlier  experiments,  Muller  and  Altenburg  (114)  found 
much  higher  rates  in  the  X-chromosome — as  high  as  1.0  per  cent.  The 
explanation  is  not  at  all  obvious,  and  Muller  in  a  later  paper  (107)  gives 
some  additional  evidence  of  similar  variability.  There  is  no  evidence 
in  other  forms  than  Drosophila  that  bears  on  the  question,  nor  is  there 
sufficient  evidence  on  any  other  than  the  X-chromosome  even  in  this 
form.  The  only  possible  comparisons  involve  X-ray-induced  mutations. 
Certain  data  adduced  by  Timof^eff-Ressovsky  (172)  indicate  a  somewhat 
low  rate  of  sex-linked  lethal  mutation  in  Drosophila  funehris,  7.4  per  cent 
as  compared  with  12.8  per  cent  for  a  comparable  dosage  (3600  r)  in 
Drosophila  melanog aster.  Other  species  of  Drosophila  have  not  been 
sufficiently  studied.  It  would  seem  that  in  Habrohracon  mutation  to 
lethals  is  quite  frequent,  although  viables  are  rare  (12,  42,  189,  190,  191, 
192).  Snell  (160,  161,  162)  has  studied  the  genetic  effects  of  X-rays 
(600  r)  on  male  mice,  and  found  no  lethals  in  208  gametes  tested.  In 
the  silkworm,  Astauroff  (6)  found,  after  treatment  with  the  gamma  rays 
of  radium,  six  apparent  lethals  in  181  cultures.  From  the  above  dis- 
cussion it  is  evident  that  the  problem  of  variability  within  a  species  is 
a  sufficiently  difficult  one  to  make  its  descriptive  study  unattractive. 
There  are,  however,  definite  conclusions  concerning  mutability  in  different 
tissues,  at  different  stages  of  maturation  of  the  germ  cells. 

MUTATION    RATE    IN    DIFFERENT    TISSUES 

Two  groups  of  data  comprise  the  information  available  at  present: 
one,  the  comparison  of  rate  of  mutation  in  germ  cells  irradiated  at  differ- 
ent stages  of  maturity,  or  in  the  two  sexes;  the  other,  the  study  of  somatic 
mutation.     In  either  case  a  comparison  is  attempted  of  the  response  of 


RADIATION  AND  THE  STUDY  OF  MUTATION  IN  ANIMALS     1231 

cells  of  different  types  to  a  given  dosage  of  radiation.  These  experiments 
have  all  been  done  with  Drosophila  melanog aster;  only  exploratory  data 
are  available  in  Habrobracon  (Whiting  and  Bostian,  189). 

If  a  male  Drosophila  is  irradiated  and  mated  at  intervals  to  a  succes- 
sion of  virgin  females,  the  progeny  from  the  different  broods  will  have 
Table  10. — Age  of  Germ  Cells  and  Lethal-mutation  Rate  in  the 

X-CHROMOSOME    OF    DrOSOPHILA    MELANOGASTER 

Data  of  Harris  (72):  X-ray  treatment  of  adult  cf  cf;  tungsten  target,  50  kv.  10  ma., 

13  cm.,  30  min. 


Age  of  germ  cells 

Number  of 

Percentage 

in  (lavs  after 

tested 

of 

X-raying 

gametes 

lethals 

1-4 

1206 

8.6 

4-8 

886 

9,7 

8-12 

875 

7.3 

12-16 

960 

1.7 

16-20 

823 

0.6 

20-24 

740 

0.8 

Data  of  Hanson  and  Heys  (62)-.  A.  cf  cf  treated  with  150  mg.  Ra  for  9  hr. ;  S.    cf  cf 

treated  with  X-rays  "circa  ^i  ra  dose" 


Age  of  germ 

cells  in  days  after 

X-raying 


1-7 

7-14 

14-21 

21-28 

28-35 


A 

Percentage 

of  lethals 


13.00 

14.20 

1.01 

4  30 

0.00 


B 


Number  of 

tested 

chromosomes 


504 
605 
614 
470 


Percentage 
of  lethals 


6.5 
6.4 
2.9 
2.1 


Data  of  Timofeeff-Ressovsky  (178):  males  irradiated  once  with  2500  r;  mated  to 

virgin    9  9  every  5  days 


Age  of  germ  cells 

Number  of 

Percentage 

in  days  after 

chromosomes 

of 

X-raying 

tested 

lethals 

1-5 

417 

6.9 

5-10 

491 

8.3 

10-15 

481 

7.3 

15-20 

478 

4.0 

20-25 

411 

3.1 

25-30 

389 

1.8 

Control 

984 
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come  from  sperm  treated  at  different  stages  of  spermatogenesis,  making 
a  comparison  immediately  possible.  The  proper  tests  will  then  show  any 
variation  of  effect  at  the  different  stages.  Experiments  of  this  sort 
have  been  carried  out  by  Harris  (72),  Hanson  and  Heys  (62),  and 
Timofeeff-Ressovsky  (178)  for  the  X-chromosome,  and  by  Sidorov  (158) 
and  Shapiro  and  Neuhaus  (156)  for  the  second  chromosome.  The 
experiments  on  the  X-chromosome  agree  in  showing  a  striking  decrease  in 
the  percentage  of  lethal  mutations,  occurring  between  the  twelfth  and 
sixteenth  days  after  raying  (Table  10).  But  in  the  second  chromosome, 
the  decrease  is  much  slighter — scarcely  statistically  significant  (Tables 
11,  12).  These  differences,  both  between  early  and  late  broods,  and 
between  the  behavior  of  the  X-  and  second  chromosomes,  are  fully 
explained  by  the  assumption  (Harris,  Timofeeff-Ressovsky)  that  lethal 
effects  induced  in  the  immature  germ  cells  are  eliminated  before  the 
formation  of  the  mature  gametes. 

Table  11. — Lethals  in   Chromosome   II   and  Age  op  Germ  Cells  in  Treated 

cf  cf  OF  Drosophila  melanogaster 
Data  of  Sidorov  (158):  50  kv.,  5  ma.;  1  mm.  Al  filter;  distance  17  cm.;  exposure  2  hr. 


Age  of  germ 
cells  after 
treatment 

Number  of 

tested 

gametes 

Number  of 
lethals 

Percentage 

of 

lethals 

1-7 

7-14 

14-21 

21-28 

138 
80 
62 
48 

33 
21 
14 

11 

23.9 
26.3 
22.6 
22  9 

Table   12. — Comparison  of  Frequency  of  Lethal  Mutation  in  Ger.m  Cells 

OF  Different  Ages  in  Chromosome  II  of  Drosophila  melanogaster 

Shapiro  and  Neuhaus  (156):  X-ray  treatment;  120  kv.,  5  ma.;  1  mm.  Al  filter;  17  cm. 

from  anticathode;  11-min.  exposure;  2134  r 


Age  of 
germ 

Treated    9 

9 

Treated  d^  cf 

cells 
after 
treat- 
ment 

Number 
of  tested 
gametes 

Number 

of 
lethals 

Percentage 

of 

lethals 

Number 
of  tested 
gametes 

Number 

of 
lethals 

Percentage 

of 

lethals 

1-12 
12-24 

204 
259 

15 
15 

7.35  ±  1.23 
5.29  ±  0.98 

219 
231 

20 
18 

9.13  +  1.32 
7.79  ±  1.19 

Timofeeff-Ressovsky  (178)  in  particular  has  put  this  to  the  test. 
Lethal  effects  of  the  type  postulated,  when  they  occur  in  the  mature 
sperm,  will  have  no  effect  (Muller  and  Settles,  122);  but  they  will  be 
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likely  to  kill  the  zygote  in  the  egg  stage.  Hence  if  the  mortaUty  of 
progenies  from  the  different  types  of  treated  gametes  is  compared,  a 
greater  egg  mortality  should  be  found  where  mature  sperm  were  treated, 
than  where  immature  germ  cells  (either  from  treatment  in  the  larva,  or 
from  males  two  weeks  after  treatment)  are  concerned.  This  is  indeed 
the  case  (Table  13)  and  is  made  particularly  evident  by  the  substantial 
identity  between  the  larval  mortalities  in  all  three  progenies. 

Table  13.— Mortality  of  Eggs  and  Larvae  in  the  Progeny  of   d'  d',  Whose 

Germ  Cells  Were  Irradiated  at  Different  Stages 

(Timofeeff-Ressovsky,  178) 


Percent- 

Percent- 

Number 

of 

larvae 

hatched 

Percent- 

age of 

age  of 

Number 

age  of 

Number 

larval 

eggs 

Type  of  culture 

of  eggs 
laid 

eggs 
mortal- 

of flies 
emerged 

and 
pupal 

devel- 
oping 

ity 

mortal- 
ity 

into 
adults 

Adult      (f  (f      irradiated : 

sperm  10-15  days  after 

irradiation 

1829 

437 

76.1 

235 

46.4 

12.8 

Adult      cf  cf      irradiated: 

sperm  15-30  days  after 

irradiation 

2172 
1763 

1463 
1272 

32.6 

27.8 

918 
656 

37.3 

48.4 

42.2 

cf  cf  irradiated  as  larvae. . 

37.2 

Control        

4763 

3738 

14.5 

3348 

10.4 

76.5 

This  should  hold  for  the  X,  where  in  the  treated  male,  only  one 
representative  is  present;  but  in  the  autosomes,  two  of  each  type  are 
present  in  the  immature  germ  cell,  and  as  has  been  shown  earlier,  only  one 
of  each  of  the  allelomorphs  in  a  cell  mutates.  In  such  a  case,  autosomal 
lethals  should  be  at  a  lesser  disadvantage.  Thus,  the  slight  decreases 
in  the  lethal  percentage  from  immature  germ  cells,  obtained  by  Sidorov 
(158)  and  by  Shapiro  and  Neuhaus  (156)  in  their  work  on  the  second 
chromosome  support  the  view  of  elimination  of  lethals  rather  than  a 
difference  in  the  susceptibility  to  radiation.  In  the  female,  the  picture 
is  pretty  much  that  of  the  immature  germ  cells  of  the  male  (MuUer,  105, 
112).  Similar  results  have  been  ohtsdned  ioT  Drosophila  pseudo-obscura 
(Schultz,  148). 

It  seems  that  the  lethals  which  are  eliminated  probably  belong  to 
the  class  of  chromosome  aberrations  rather  than  gene  mutations.  Patter- 
son and  MuUer  (140)  noted  that  the  frequency  of  chromosome  aberration 
is  higher  in  adult  males  than  in  females  treated  with  the  same  dosage 
(Table  14).  Shapiro  (155)  and  Shapiro  and  Neuhaus  (156)  have 
similarly  shown  that  the  frequency  of  translocations  between  the  second 
and  third  chromosomes  is  greater  in  mature  spermatozoa  than  in  the 
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Table   14. — Comparison  of  Chromosome  Aberrations  and   Point   Mutations 

AFTER  Treatment  of  Adult  Males  and  Females 

9  Data  of  MuUer  (Patterson  and  Muller,  141);  d^  Data  of  Oliver  (125) 


Number  of 

tested 
chromosomes 

"Point  mutations" 

Aber- 
rations 

Percentage  of 

Sex  treated 

Lethal 

Viable 

"Point 
mutations" 

Aber- 
rations 

9  "<4" 
cf  "<4" 

761 
1144 

16 
46 

2 

1? 

7 

2.3 
4.0 

.61 

spermatocytes  or  spermatogonia.  The  differences  are  of  an  order  of 
magnitude  sufficient  to  account  for  the  differences  in  the  observed  lethal- 
mutation  rate. 

Were  this  so,  the  proportion  of  viable  mutations  should  be  constant 
no  matter  what  stage  of  development  is  treated.  Earlier  experiments  of 
Muller  (112)  had  indicated  a  higher  proportion  of  viable  mutations  from 
mature  spermatozoa  (Table  15).  However,  the  more  extensive  experi- 
ments of  Timofeeff-Ressovsky  (Table  16),  of  Hanson  and  Winkelman 
(Table  17),  and  particularly  of  Moore  (Table  18),  show  only  slight 
differences  in  the  proportion  of  visible  mutations  obtained  either  in  the 
two  sexes  or  in  the  different  age  groups.  It  is  conceivable  that,  as 
Muller  has  suggested,  the  difference  is  due  to  a  difference  in  rate  of 
division  of  mutant  and  germ  cell.     Since,  however,  in  none  of  the  pub- 

Table   15. — Comparison  of  the  Frequency  of  Viable   Mutations  in   Males, 

Treated  as  Adults  and  as  Larvae 
X-ray  treatment.      (Muller,  112) 


Stage  of  treatment 

Number  of 

gametes 

tested 

Number  of  viable 
sex-linked 
mutations 

Number  of  viable 
autosomal 
dominants 

Adult 

2964 
2651 

12 

1  (double) 

20 

Larvae  (3-4  days  old ) 

1 

Table  16. — The  Frequency  of  Viable  Mutations  from  Germ  Cells  of  Different 

Stages 
cf"  d^  X-rayod  and  mated  at  intervals  of  five  days  to  fresh  virgin   9  9  .      (Timof<5efT- 

Ressovsky,  178) 


Age  in  days  after 
irradiation 

NunibfT  of  tested 
gametes 

Number  of  viable 
sex-linked  mutations 

Percentage  of  viable 
sex-linked  mutations 

1-15 
15-30 
Control 

3386 

2892 
2971 

16 
12 

0.47 
0.42 
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lished  data  is  there  any  information  as  regards  the  frequency  in  which 
the  original  mutation  occurred,  there  is  no  possibility  of  testing  the 
hypothesis.     Harris  (72)  has  indicated  that  his  results  on  lethals  induced 

Table  17. — Viable  Mutations  from  Germ  Cells  of  Different   Stages 

d"  d^  treated  with  radium,  mated  to  fresh  virgin  9  9  at  intervals  of  seven  days,  giving 

tkree  broods  in  all.      (Hanson  and  Winkelman,  71) 


Age  in  days  after 
treatment 

Number  of  tested 
gametes 

Number  of  viable 
mutations 

Percentage  of 
mutations 

1-7 

7-14 

14-21 

Total 

3,525 

3,392 

7,563 

14,480 

24 

9 

10 

43 

0.68 
0.27 
0.13 
0  30 

Table  18. — Comparison  of  the  Frequency  of  Viable  Sex-linked  Mutations 
IN  Drosophila  melanogaster,  in  the  Germ  Cells  of  Individuals  Treated 

WITH    X-RAYS    (1325    r)    at    DIFFERENT   StAGES    OF    DEVELOPMENT 

Data  of  Moore  (96) 


Type  treated 

Number  of 
gametes 
treated 

Number  of 

sex-linked 

mutations 

Percentage  of 
sex-linked 
mutations 

Adult  cf  o^ 

11,620 

12,525 

7,677 

12,237 

6,945 

7,600 

13,673 

12,633 

33 

23 

11 

13 

5 

11 

1 

0 

0.282  +  0.03 

Adult   9  9 

71-72  hr.  cf  larvae 

0.183  ±  0.026 
0.143  +  0,029 

71-72  hr.    9  larvae 

35-36  hr.  cf  larvae 

35-36  hr.    9  larvae 

0.106  +  0.018 
0.070  +  0.020 
0.144  +  0.028 

Control  cf 

Control    9 

0.007  +  0  005 

in  immature  germ  cells  show  that  the  growth  of  the  gonad  in  Drosophila 
depends  on  an  apical-cell  mechanism,  so  that  one  of  the  products  of 
division  acts  as  a  primordial  germ  cell.  It  is  easy  to  see,  as  indeed 
Muller  has  shown  (98),  how  difficult  is  the  determination  of  the  actual 
mutation  rate  in  germ  cells  which  have  yet  to  divide;  even  without 
differential  rates  of  multiplication,  the  number  of  mutants  recovered  is 
much  le.ss  than  those  that  occur,  and  the  two  percentages  may  be  different, 
in  the  observed  direction.  There  is  as  yet  no  evidence  against  the 
assumption  that  a  gene  is  as  likely  to  mutate  in  one  tissue  as  another. 

Timofeeff-Reesovsky  (172),  and  more  especially  Patterson  (130, 
131,  133),  have  studied  the  frequency  of  mutation  in  the  imaginal  disks 
of  Drosophila.  Their  technique  was  to  irradiate  larvae  heterozygous  for 
known  genes,  and  to  detect  in  the  adults  when  they  emerged  mosaics  for 
the  characters  affected.  These  mosaics  must  then  be  caused  either  by 
mutation  of  the  gene  in  question  or  by  some  chromosomal  change.     In 
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males,  for  the  X-chromosome,  only  mutation  can  be  accountable.  Soma- 
tic mutations  occur  and,  as  Patterson  found,  the  extent  of  the  size  of 
the  mosaic  patch  depends  on  the  time  of  raying.  The  earlier  the  treat- 
ment, the  greater  the  number  of  cell  divisions  subsequent  to  it,  and  the 
larger  the  mosaic  patch  accordingly.  To  compute  the  frequency  of 
somatic  mutation  is  a  diflficult  matter;  it  is  necessary  to  refer  the  muta- 
tion back  to  the  total  number  of  cells  in  the  anlage  when  it  occurred, 
in  order  to  obtain  a  proper  value.  Patterson's  attempt  to  reach  a  value 
in  the  percentage  of  the  total  number  of  adult  units  which  have  mutated 
is  difficult  to  accept,  even  as  a  rough  approximation.  Further  data  are 
necessary. 

It  may  be  remarked  that  the  same  experiments  have  been  used  to 
demonstrate  chromosome  breakage  in  the  somatic  cells.  The  data  are 
not  quite  satisfactory,  owing  to  Stern's  (168)  recent  demonstration  of 
somatic  crossing  over  which  is  probably  also  involved  in  Patterson's 
cases  of  somatic  segregation  (132).  The  data  interpreted  as  resulting 
from  chromosome  breakage  show  suggestive  similarities  to  those  of 
Stern,  and  while  it  is  probable  that  there  is  a  high  frequency  of  chromo- 
some breakage  somatically,  further  data  are  needed  to  show  what  propor- 
tion of  the  mosaics  are  due  to  somatic  crossing  over,  and  what  to  breakage. 
In  the  one  case  where  a  distinction  between  the  two  is  possible  in  Patter- 
son's experiments  (the  homozygous  eosin  female)  no  breakage  was 
detected.  Patterson's  explanation  on  the  grounds  of  genie  balance 
relations  which  would  give  this  result  can  be  shown  to  be  invalid. 

On  the  whole,  it  appears  that  the  existing  data  can  best  be  understood 
in  terms  of  similar  rates  of  mutation  in  all  cells.  That  this  is  not  neces- 
sarily true  in  general  is  shown  by  the  experiments  of  Demerec  (18,  19,  20) 
on  frequently  mutating  genes  in  Drosophila  virilis,  where  definite  genetic 
factors  have  been  shown  to  influence  the  stability  of  the  genes  in  different 
tissues. 

THE  MODE  OF  ACTION  OF  RADIATION 
GENERAL    CONSIDERATIONS 

The  previous  sections  have  been  devoted  to  a  description  of  the 
relations  of  internal  factors  in  the  mutation  process.  This  is  essential 
for  the  understanding  of  the  mode  of  action  of  radiation.  But  the  proper 
analysis  of  the  process  from  this  point  of  view  involves  quantitative 
determinations  of  mutation  rates  under  varied  conditions  of  radiation. 

It  may  be  well  first  to  consider  what  to  expect  in  such  experiments; 
how  in  general  does  radiation  produce  its  effects  and,  among  the  different 
possibilities,  which  lead  to  different  experimental  results?  The  first 
result  of  radiation  is  the  ionization  of  matter,  the  release  of  electrons; 
the  resultant  chemical  reactions  are  to  be  attributed  to  this  ionization. 
Secondary  effects  are  then  possible  by  way  of  interaction  between  prod- 
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ucts.  On  such  a  basis  it  must  follow  that  the  ultimate  effects,  except 
where  secondary  reactions  bear  other  than  a  linear  relation  to  the  primary 
products,  must  be  directly  proportional  to  the  quantity  of  radiation; 
moreover  the  simplest  expectation  would  be  that,  with  high-frequency 
radiation,  variations  in  wave-length  should  make  no  difference,  except- 

Table  19. — A  Comparison  of  Several  Groups  of  Data  on  the  Relation  between 
X-RAY  Dosage  and  Percentage  of  Lethal  Mutations  in  the  A' -chromosome 

OF  Drosophila  melanogaster 


Dosage, 
r  units 

Oliver  (125) 

Timof6eff- 
Ressovsky 

(185) 

Efroinisoii 

(43) 

0.22  A 

Scheclit- 

man 

(146) 

1.75  A 

Hanson,  Heys,  and 
Stanton  (70) 

Demerec 
(22) 

300 
304 

1   67  +  0  39 

385 
445 

1.42±0.14 

1.50  ±0.29  (40  kv.) 

637 

5   19  +  0  68 

675 



1.88  ±0.33  (48  kv.) 
1.83  ±0.34  (52  kv.) 

750 

2.12±0.46 

770 
795 

3.23  +  0.25 

1125 

2.6±0.88 

1.25  ±0.53 

1130 

1200 

3.76±0.71 

1215 

8  28+1  05 

1265 

2. 80  ±0.46  (60  kv.) 

r3.  36  ±0.43  (70  kv.) 

15.41  ±0.63  (76  kv.) 

5.47  ±0.46  (67  kv.) 

7.82  +  0.80  (88  kv.) 

6.91  +  0.68  (80  kv.) 

1500 

4.23X0.71 

1540 
1545 

r4.90±0.43 
1 4 . 38  +  0 . 68 

1635 

1920 

1995 

2186 

11   47+1   07 

2250 

4.8±1.2 

5.98±  1   5 

6.  23  ±0.58  (95  kv.) 

2260 

2400 

7.53+1.16 

2570 

3000 

8.56±1.12 

• 

3038 

14  41  +  2  8 

3080 
3090 

9.87±0.74 

<-9.10±0.71  (95  kv.) 
1.9.52  ±0.85  (99  kv.) 

3600 

10.69+  1.49 

10.8+1.2 

5 . 88  ± 1   4 
15.  1±  1.7 

4500 

4520 

4800 

13.77±1   74 
15.  62  ±1,78 

22.9±3:8 

6000 

6160 
9000 

(■16.09  +  1.19 
120.0  +  2.63 

9040 

1 

1238 
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ing  for  the  energy  of  the  quantum  absorbed  to  produce  ionization. 
When,  however,  longer  wave-lengths  are  used  where  selective  absorptions 
may  be  expected,  differences  may  be  found.  Furthermore,  since  radio- 
chemical reactions  usually  have  a  temperature  coefficient  of  1,  it  should 
be  found  that  there  is  no  effect  of  temperature  during  irradiation.  Any 
departure  from  these  expectations  indicates  the  presence  of  secondary 
reactions.  These  can,  moreover,  be  studied  by  consideration  of  the  time 
factor  in  exposure  which  evaluates  the  relative  rates  of  the  different 
reactions  concerned;  or  by  the  consideration  of  the  duration  of  the  effect 
after  successive  cell  generations. 


THE   RELATION   BETWEEN    INTENSITY    AND    MUTATIONAL    EFFECT 

The  relation  between  dosage  and  effect  is  one  of  the  most  extensively 
studied  of  the  problems  attendant  on  the  production  of  mutations  by 
X-rays,  involving  as  it  does  simultaneously  an  important  practical  and 
theoretical  problem.  In  his  earliest  work,  Muller  (105)  noted  that  the 
higher  the  dosage,  the  greater  the  mutational  effect.  Subsequently,  the 
problem  was  studied  in  detail  by  various  workers  (cf.  22,  43,  52,  60,  70, 
124,  125,  146,  152,  153,  185).  Their  data  are  given  in  Tables  19  and 
19a,  and  in  Fig.  6. 

Within  the  range  studied,  the  relationship  is  roughly  linear  for  the 
whole  group  of  data;  in  most  of  the  individual  cases,  the  fit  to  a  straight 
line  is  quite  good.  At  the  upper  dosages,  a  slight  falling  off  occurs  in 
some  cases  owing  to  undetected  double  lethals  (cf.  Timof^eff-Ressovsky, 
185).  Gowen  and  Gay  (52)  have  plotted  their  data  in  the  inverse  fashion, 
considering  the  number  of  chromosomes  which  do  not  have  lethals,  a 
procedure  which  avoids  this  difficulty.  They  find  an  excellent  fit  to  the 
exponential  function  which  follows  from  this  treatment  of  the  data. 

Table  19a. — The  Relation  between  X-ray  Dosage  and  the  Percentage  op 

Lethal  Mutation 
K  radiation  of  Cu  and  Cr,  34  kv.,  4  ma.    (Gowen  and  Gay,  52) 


Dosage,  r-units 


4,460 
8,920 
13,380 
17,840 
22,300 
26,760 
31,220 


Copper,  1.537  A 


4.3  +     .6 

8.9  ±  1.3 

11.7  ±  1.5 

20 . 0  ±  2.1 

29.2  ±  3.8 
35.0  ±  5.1 


Chromium,  2.285  A 


6.8  +  1.0 

12.4  +  1.1 
19.3  +  1.7 

26.5  ±  3.6 
18.8  ±  2.9 
31.8  ±  6.7 
34.8  ±  6.7 


The  experiments  of  the  different  workers  agree,  on  the  whole,  when 
the  errors  involved  are  considered.  The  data  of  Oliver  and  of  Timof^eff- 
Ressovsky  agree  most  closely.     Efroimson  (43)  and  Schechtman's  (146) 
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data  are  somewhat  off,  but  their  numbers  are  lower.  The  observations 
of  Gowcn  and  Gay  (53)  and  of  Demerec  (22),  however,  are  distinctly 
different  from  the  others.  Demerec  has  paid  particular  attention  to 
the  measurement  of  intensity,  having  recently  calibrated  his  dosimeter. 
When,  however,  his  corrected  dosage  values  are  changed  back  to  the 
uncorrected  readings,  his  data  agree  quite  well  with  those  of  Timofeeff- 


Demerec  (0.72  A) 
EfroimsonC0.22A) 
[froimson  (1.75  A)  , 

Gowen  and  Gay  (1.537  A) 
Gowen  and  Gay  (2.285  A) 
Hanson, Heys  and  Stanton 
Oliver^ 
J,.  Timofeeff-Ressovsky 


1 


I.OOO 


3.000 


9,000 


12,000 


.  6,000 
Intensity  in  r  Units 

Fig.  6. — Percentage  of  lethals  in  the  X-chromosome  of  Droaophila  melanogaster  in 
relation  to  the  intensity  of  radiation.  The  data  are  taken  from  Tablea  19  and  19a;  for 
Demerec's  values,  the  dosages  of  the  table  have  been  divided  by  0.61.  In  the  case  of 
Gowen  and  Gay,  the  intensities  have  been  divided  by  2.44.  The  controls  are  not  indicated ; 
they  may  be  found  in  Table  9. 

Ressovsky  and  Oliver.  One  may  suspect  some  systematic  error  on  the 
part  of  the  manufacturers  of  dosimeters,  or  in  the  calibration  value  which 
Demerec  obtained  from  the  Bureau  of  Standards.  No  such  simple 
explanation  can  be  used  for  the  data  of  Gowen  and  Gay,  which,  however 
(see  Fig.  6),  when  their  dosage  values  are  divided  by  the  factor  2.44,  fall 
into  the  same  group  as  the  other  data. 

The  interpretation  of  the  curve  is  not  entirely  obvious.  If  a  single 
gene  only  were  considered,  the  explanation  generally  used  in  the  work 
with  short-wave  radiation  (Crowther,  12a;  Glocker,  48a),  based  on  the 
change  in  the  probability  of  a  quantum  hit  at  different  dosages,  would  be 
quite  simple.  But  in  a  population  of  genes,  the  problem  becomes  more 
complex.     The  evidence  presented  previously  indicates  that  different 
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genes  differ  in  their  stabilities.  Demerec  has  shown  (23)  that  for  the 
mutable  miniature  gene  of  Drosophila  virilis,  the  effect  of  X-rays  is  very- 
slight.  Similar  data  have  been  obtained  in  Zea  Mays  by  Stadler  (166). 
It  will  be  remembered,  moreover,  that  the  rough  information  given 
by  the  recurrence  values  of  Table  1  indicates  differences  for  some  genes, 
differences  which  point  in  the  same  direction.  It  would  appear  that 
differences  exist  between  the  slopes  of  the  dosage-effect  carves  of  different 
genes.  Now  the  curves  of  the  lethal-mutation  rate  under  discussion 
represent  the  sums  of  the  curves  of  the  genes  composing  the  population. 
Their  shape  must  obviously  depend  on  the  distribution  of  the  slopes  of 
the  curves  for  individual  genes.  Both  Stadler's  and  Demerec's  data 
agree  in  indicating  a  low  value  of  the  slope  for  frequently  mutating  genes, 
which  would  tend  toward  a  sigmoid  curve  for  the  whole  population. 
It  may  be  remarked  that  the  gap  between  the  control  value — which 
should  be  the  first  point  on  the  curve,  but  has  not  been  so  indicated  in 
Fig.  6 — and  the  first  experimental  value  is  considerable.  Precisely  this 
region  is,  however,  most  important  for  defining  the  nature  of  the 
curve. 

With  the  lethal  mutations,  Oliver  (125)  has  attempted  to  show  that 
the  distribution  of  lethals  at  different  dosages  is  identical  (Fig.  5).  His 
data  are  not  sufficient  to  settle  the  question.  Moreover,  without  tests 
of  the  allelomorphism  of  the  lethals,  all  that  such  tests  can  show  is  that  the 
total  number  of  genes  available  for  mutation  in  a  given  section  of  chromo- 
some is  constant  at  the  different  dosages.  The  individual  genes  within 
the  section,  which  still  must  constitute  a  large  number,  may  still  vary. 

Timofeeff-Ressovsky  (185)  has  tabulated  the  ratio  of  lethal  to  viable 
mutations  at  different  dosages  to  distinguish  "qualitatively"  different 
effects.  The  ratio  is  sensibly  the  same  at  all  dosages,  which  he  takes 
to  indicate  that  the  type  of  mutation  produced  (visible  or  lethal)  is 
independent  of  dosage.  This  does  not,  of  course,  bear  on  the  question 
raised  above,  namely,  the  slope  of  the  dosage-effect  curve  for  individual 
loci.  A  quantitative  determination  of  the  relation  between  lethals  asso- 
ciated with  chromosome  abnormalities  and  those  which  are  not  has  been 
attempted  by  Oliver  (125).  Both  types  appear  to  vary  linearly  with  the 
dosage,  although  whether  the  slopes  are  the  same  cannot  be  stated  with 
assurance.  This  comparison  is  vitiated  to  a  great  extent  by  the  large 
number  of  deficiencies  undoubtedly  present  among  the  lethals  not  showing 
any  major  reduction  in  crossing  over  (cf.  Patterson,  138).  Since  these 
are  essentially  small-scale  chromosome  aberrations,  the  comparison  may 
well  involve  an  identity.  Except  for  the  two  cases  mentioned  no  data 
are  available  for  viable  mutations  where  the  question  could  be  settled, 
albeit  with  great  labor.  Neither  has  there  been  made  a  comparison 
of  the  dosage-effect  curves  for  lethals  in  the  autosomes  with  those  in 
the  X-chromosome,  which  is  more  feasible. 
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When  all  these  considerations  are  taken  into  account,  the  apparent 
linear  relation  loses  its  simplicity.  It  would  seem  that  a  detailed  deter- 
mination of  the  characteristics  of  the  curve  at  very  low  intensities  is 
necessary,  and  some  practicable  method  must  be  found  for  dealing  with 
the  dosage-effect  function  for  single  genes. 


THE    RELATIVE    EFFECTIVENESS    OF    DIFFERENT    WAVE-LENGTHS 

It  has  been  shown  clearly  that  all  of  the  short-wave  radiations  are 
effective  in  the  production  of  mutations.  The  first  experiments  of  Muller 
(105)  with  X-rays  were  followed  by  the  demonstration  of  Hanson  and 
Heys  (60)  that  radium  emanations  were  effective  in  proportion  to  the 
ionization  which  they  produced  in  air  (Table  20).     Likewise,  Serebrovsky 

Table  20. — The  Relation  between  the  Ionization  Produced  by  Radium  Emana- 
tions AND  the  Percentage  of  Lethal  Mutations  in  the  X-chromosome  of 

Drosophila  melanogaster 
Data  of  Hanson  and  Heys  (60) 


Ionization 
proportional  to 

Thickness 

Number  of 

Number  of 

Percentage  of 

of  lead 

chromosomes 

lethal 

lethal 

filter,  in. 

tested 

mutations 

mutations 

0.104 

151 

20 

13.3 

0.072 

0.005 

1045 

99 

9.4 

0.058 

0.010 

600 

46 

7.6 

0.046 

0.019 

559 

34 

6.0 

0.035 

0.039 

514 

24 

4.6 

0  026 

0.078 

697 

24 

3.4 

0.017 

0.156 

1370 

35 

2.2 

0.010 

0  312 

862 

9 

1.3 

and  Dubinin  (152)  found  no  differences  between  the  effect  of  soft  and 
hard  X-rays.  Later,  Hanson,  Heys,  and  Stanton  (70)  varied  the  wave- 
length by  using  kilovoltages  from  40  to  99,  and  got  an  approximately 
linear  relation  with  the  ionization  (Table  19,  column  5)  produced  at 
each  voltage.  It  may  be  remarked  that  they  did  not  determine  the 
identity  of  effect  at  the  same  ionization  for  different  wave-lengths,  a 
weakness  in  their  experiments  which  vitiates  their  conclusions  consider- 
ably.    Later   Schechtman    (146)    and    Efroimson    (43)  determined  the 

o 

dosage-effect  relation  at  two  different  wave-lengths  (1.5  and  0.2  A)  and 
found  them  sensibly  identical  (Table  19).     Gowen  and  Gay  (52)  found 

o 

no  significant  differences  between  the  Cu  and  Cr  radiation  (1.5  and  2.2  A, 
respectively)  (Table  19a).  Timofeeff-Ressovsky  (185)  has  found  equal 
effects  at  the  same  dosage  in  r-units,  for  different  wave-lengths  (Table  20). 
Conclusive  data  as  regards  the  rays  of  radium  are  not  as  yet  avail- 
able (185). 
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Table  21  —The  Effects  of  Equal  EtreRGiES  of  Hard  and  Soft  X-rays  on  the 
Production  of  Sex-linked  Lethal  Mutation  in  Drosophila  melanogaster 

Timofeeff-Ressovsky  (185) 


Dosage  and  type  of  radiation 

Number  of 

chromosomes 

tested 

Number  of 
lethals 

Percentage 
of  lethals 

±  3750  r,  25  kv.,  0.5  mm.  Al  filter 
/■in  4.1  A")                     

486 
516 

63 

61 

12.90  ±  1.52 

±  3750  r,  160  kv.,  0.25  mm.  Cu  +  3 
mm.  AI  (±  0.07  A) 

11.82+1.45 

AH  of  these  experiments  involve  gross  lethal-mutation  rate;  they  are 
subiect  to  the  same  considerations,  therefore,  as  were  earlier  met  with  in 
the    dosage-effect    experiments.     Moreover,    since    the    extraordmanly 
powerful  short  waves  are  involved,  secondary  radiation  confuses  the 
Issue   to   a   considerable   degree.     Thus,   for   example,   the   increase   m 
mutation  rate  found  by  Medvedev  (87)  in  flies  contaming  lead  over 
similarly  irradiated  normal  flies  is  due  to  an  increase  m  the  amount  of 
secondary  radiation  (Stadler,  164).     This  is  not  the  case  with  the  uUra- 
violet  portion  of  the  spectrum.     Here,  however,  owmg  to  the  s  ight 
;  netraUon,  no  certain  effects  were  obtained  (3  4,  ^^.f  \1^^«);^" 
recent  experiments  of  Altenburg  (5),  in  which  the  egg  itself  was  irradiated 
while  the  germ  cells  were  still  localized  in  the  polar  cap.     At  this  early 
stage,  cells  carrying  an  induced  lethal  would  form  a  large  numb^^  °f  the 
later  mature  germ  cells,  so  that  the  appearance  of  the  ^--.^t^^;^^" 
several  members  of  a  family  serves  as  a  further  check  of  its  induction  by 
the  radiation.     Eight  such  lethals  were  found  in  108  groups  of  progenies 
from  treated  eggs,  and  one  (possibly  an  experimental  error)  m  the  110 
control  progenfes.     The  further  application  of  this  method  gives  much 
promise  for  the  discovery  of  selective  effects  at  different  wave-lengths. 

Visible  light  has  as  far  as  is  known  no  effect  on  mutation  rates.     JNe  - 
ther  have  effects  been  found  with  infra-red  radiation  (unpublished  data) 
supersonic  waves  (Hersh,  Karrer,  and  Loomis,  73),  or  an  elect-tat 
field  (Horlacher,  75;  Schmitt  and  Oliver,  147).     Hanson  and  Heys    67) 
have  reported  somatic  modifications  following  exposure  to  alpha  radiation 

from  polonium,  but  no  mutations.  .        .„   +Uot    in 

It  may  be  surmised,  from  an  inspection  of  the  experiments,  that,  in 
spite  of  the  fact  that  the  obvious  things  have  been  done  to  discover  gross 
differences,  any  selective  effects  on  particular  genes  would  not  have  been 
found  in  this  way.  Such  effects,  which  are  the  interesting  and  important 
ones,  remain  to  be  investigated  although,  as  has  been  previously  remarked, 
they  are  hardly  to  be  expected  in  the  spectral  regions  of  shorter  wave- 
length than  the  ultra-violet.  I 
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THE    TIME    FACTOR — SECONDARY    REACTIONS 

The  relation  of  time  and  intensity  has  been  given  no  exhaustive  study; 
but  the  fact  that  similar  relations  have  been  obtained  in  experiments  like 
those  of  Oliver  (124,  125)  where  only  time  was  varied,  or  of  Hanson  and 
Heys  (60)  where  intensity  was  varied  by  means  of  lead  filters,  shows  that 
the  important  element  is  the  total  amount  of  energy  delivered.  Timof^eff- 
Ressovsky  (185)  and  Hanson  and  Heys  (64)  (Tables  22  and  23,  respec- 
tively), have  in  particular  put  this  to  test  over  longer  periods  of  time,  and 
found  again  equal  effects  for  equal  amounts  of  energy. 

Table  22. — The  Effects  of  Equal  Energies  of  X-rays,  Applied  over  Different 
Time  Intervals,  on  the  Percentage  of  Sex-linked  Lethal  Mutation  in 

Drosophila  melanogaster 
Timofceff-Ressovsky  (185) 


Dosage  and  type  of  radiation 

Number  of 

chromosomes 

tested 

Number  of 

sex-linked 

lethals 

Percentage 

3600  r,  in  15  min 

493 
521 

423 

54 
60 

47 

10.91  +1.40 

3600  r,  in  6  hr 

11.90  +  1.39 

3600  r,  6  treatments  of  5  min.  each  at 
intervals  of  24  hr 

11.10  ±  1.52 

Table    23. — Lethal-mutation    Rates    in    the    X-chromosome    of    Drosophila 
melanogaster  When  the   Same   Energy  Is  Applied  but  the  Time   and 

Intensity  Are  Varied 
Wild-type  males  treated      (Hanson  and  Heys,  64) 


Total  time 

Ionization 

Dosage 

Number  of 

Number  of 

Percentage 

Mg.  Ra 

of  ex- 

propor- 

in total 

chromo- 

lethal 

of  lethal 

posure,  hr. 

tional  to 

r-units 

somes  tested 

mutations 

mutations 

300 

K 

0.2105 

6,315.00 

637 

30 

4.71  ±  0.56 

4 

37K 

0.002807 

6,315.75 

636 

30 

4.71  ±  0.57 

2 

75 

0.001403 

6,315.30 

626 

29 

4.57  +  0.56 

300 

1 

0.2105 

12,630 

626 

61 

9.74  ±  0.79 

4 

75 

0.002807 

12,631.5 

622 

60 

9.64  +  0.75 

2 

150 

0.001403 

12,627 

619 

59 

9.53  ±  0.79 

4 

150 

0.002807 

25,263.00 

366 

74 

20.22  ±  0.45 

What  such  experiments  mean  is  obvious:  Subsequent  to  the  initial 
radiochemical  reactions,  there  are  none  which  effectively  modify  them — 
either  removal  reactions  such  as  are  responsible  for  thresholds  or  "back- 
reactions."  In  effect,  the  mutation  process  is  pseudo-irreversible.  The 
most  striking  evidence  for  this  comes  from  the  experiments  of  Muller 
(105),  confirmed  and  extended  by  Harris  (72;  Table  24).     Males  which 


1244 


BIOLOGICAL  EFFECTS  OF  RADIATION 


are  irradiated,  and  then  kept  from  mating  for  long  periods,  produce  as 
many  mutations  as  they  would  have,  if  they  had  mated  immediately. 
Were  there  a  "back-reaction,"  fewer  mutations  would  be  expected  from 
the  sperm  which  were  kept  for  a  long  time  after  irradiation. 

Table   24. — The    Effect    on  Lethal-mutation  Rate  in  Drosophila    melano- 

GASTER  of  Aging  Sperm  after  X-ray  Treatment 

Muller  (105);  Harris  (72) 

A.    cf  cf   treated  with  X-rays,  mated  to  virgin  females,  transferred  to  new  culture 

bottles  after  six  days      (Muller) 


Age  of  sperm 

Number  of 
gametes  tested 

Number  of  lethals 

Percentage  of  lethals 

1-6 
6-12 

856 
997 

81 
111 

9.3 

12.1 

B.    d^  cf  treated  with  X-rays,  isolated  from  females  until  final  mating      (Harris) 


Experiment 

Number  of 
gametes  tested 

Percentage 
of  lethals 

Male  removed  after  single  copulation  1  to  10  hr.  after 
treatment 

220 

189 
183 

10  0 

Males  held  4  days  before  mating 

Males  held  16  days  without  females  before  mating.  .  . 

9.0 
9  0 

Similar  conclusions  follow  from  the  experiments  of  Timof^efif-Res- 
sovsky  (185;  Table  22),  Patterson  (134;  Table  25),  and  Serebrovsky  and 
Dubinin  (152).  These  workers  have  been  interested  in  a  comparison  of 
the  effects  produced  by  a  given  amount  of  energy  given  in  one  dose,  or 
split  up  into  several.  From  the  foregoing  data,  identical  effects  would  be 
expected  in  the  two  sets  of  experiments;  and  indeed  such  is  the  case. 
Some  caution  is  perhaps  still  necessary  in  accepting  the  conclusions  com- 
pletely; the  detection  of  a  difference,  assuming  one  were  present,  depends 
upon  the  relation  between  the  rates  of  the  reactions  concerned.  Inspec- 
tion of  the  tables  makes  it  clear  that  the  existing  data  are  not  sufficient  to 
test  the  point  thoroughly,  a  difficult  problem  indeed,  and  one  which 
hardly  seems  profitable  in  view  of  the  negative  results  of  the  experiments 
on  the  aging  of  treated  sperm. 

INDUCED    CHANGES    OF    SUSCEPTIBILITY    TO    IRRADIATION 

From  the  foregoing  it  would  seem  that  the  secondary  processes,  if  they 
exist,  are  not  easily  approachable.  The  radiochemical  process  may, 
however,  be  studied  by  the  analysis  of  the  effect  of  environmental 
changes  during  radiation. 

It  has  already  been  remarked  that  were  simple  radiochemical  processes 
involved,  the  temperature  coefficient  of  induced  mutation  rate  should 
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Table  25. — A  Comparison  of  the  Effects  of  Continuous  and  Interrupted 

Radiation  in  Drosophila  melanoqaster 

Patterson  (134) 


Number 

Dosage, 
r-units 

of 

Number 

Percent- 

Type of  treatment 

chromo- 
somes 

of 
lethals 

age  of 
lethals 

tested 

1654 

Continuous  14  min. 

971 

49 

4.95 

1654 

Interrupted;  16  X  1  min.  every  12  hr. 

993 

62 

6.15 

1654 

Interrupted;  32  X  30  sec.  every  6  hr. 

981 

71 

7.14 

2558 

Continuous  8  min. 

518 

39 

7.41 

2558 

Interrupted;  16  X  30  sec.  every  12  hr. 

345 

45 

12.95 

1234 

Continuous  10  min. 

863 

28 

3.11 

1220 

8  X  1.25  min.  every  24  hr. 

876 

31 

3.33 

1221 

8  X  1.25  min.  every  12  hr. 

936 

40 

4.06 

1219 

8  X  1.25  min.  every  8  hr. 

856 

34 

3.76 

1220 

8  X  1.25  min.  every  1  hr. 

1014 

32 

2.94 

1234 

8  X  1.25  min.  every  30  min. 

962 

33 

3.22 

864 

Continuous  8  min. 

919 

22 

2.19 

872 

8X1  min.  every  minute 

980 

21 

1.93 

123  mg.  Ra 

Continuous  12  hr. 

544 

58 

10.44 

123  mg.  Ra 

Interrupted,  12  X  1  hr.,  every  12  hr. 

452 

48 

10.40 

approximate  1.  Muller  (112)  and  Timofeeff-Ressovsky  (185)  have  put 
this  to  the  test,  with  identical  results.  The  temperature  coefficient  is 
indeed  1,  although  curiously  enough  there  is,  in  all  three  experiments, 
a  slight  excess  of  mutations  at  the  lower  temperature  (Table  26).  This 
may  be  an  experimental  accident,  as  Muller  points  out;  its  occurrence  in 
three  separate  experiments  is  none  the  less  interesting,  and  may  perhaps 

Table  26. — Temperature  During  Irradiation  and  Its  Effect  on  the 
Sex-linked  Lethal-mutation  Rate  in  Drosophila  melanoqaster 

Muller  (112);  Timofeeff-Ressovsky  (185) 


Conditions  of  irradiation 

Number  of 

tested 

gametes 

Number  of 

sex-linked 

mutations 

Percentage 

of  sex-linked 

mutations 

(Timofeeff-Ressovsky) 

3000  r,  at  lO'C 

401 
368 

67 
120 

403 

208 

37 
30 

22 
32 

33 
13 

9  22  +  1  44 

3000  r,  at  35°C 

8  15  +  1  45 

(Muller) 

3450  r  +  at  8°C 

33 

3450  r  +  at  34°C 

27 

2300+  rat  8°C 

8  2 

2300+  rat  34°C 

6  2 

1246  BIOLOGICAL  EFFECTS  OF  RADIATION 

indicate  a  difference  in  stability,  similar  to  that  noted  by  Gowen  and 
Gay  (53a)  for  the  so-called  "ever-sporting"  eye  colors. 

Muller  (112)  has  carried  out  experiments  designed  to  test  the  effects 
of  different  physiological  states  on  the  induced-mutation  rate.  He 
found  no  significant  differences  between  fed  and  starved,  or  virgin  and 
impregnated  females.  More  recently,  Hanson  and  Heys  (65,  66,  68,  69) 
have  published  a  series  of  papers  on  this  and  related  problems,  which 
claim  positive  differences  under  various  conditions.  Their  experi- 
ments await  confirmation.  One  may  surmise  that  the  field  is  in  pretty 
much  the  state  of  the  general  field  of  X-ray  mutation  before  Muller's 
work. 

THE    QUESTION    OF    "  DIRECT"    EFFECTS 

With  the  foregoing  data  in  mind,  the  consideration  of  the  mode  of 
action  of  radiation  in  producing  mutations  becomes  possible.  The 
apparent  linear  relation  between  dosage  and  effect,  the  absence  of  evi- 
dence of  any  time  factor,  and  the  failure  of  an  obvious  effect  of  tem- 
perature during  radiation,  have  in  general  led  to  the  conclusion  that  the 
effect  of  radiation  was  directly  upon  the  genes,  causing  intragenic  changes. 
Moreover,  specific  experiments  purporting  to  answer  the  question  have 
been  carried  out  by  Muller  (112)  and  Timof^eff-Ressovsky  (177,  178). 

They  have  tested  the  effect  of  treated  cytoplasm  on  untreated 
chromosomes,  by  treating  females,  and  testing  the  untreated  paternal 
chromosome  of  the  progeny  for  mutations.  No  significant  differences 
were  found  in  the  large-scale  experiments.  Timofeeff-Ressovsky 
(177,  178)  has  also  tested  the  behavior  in  later  generations  of  treated 
chromosomes  which  had  no  immediate  mutations.  Were  an  indirect 
effect  present,  this  might  be  delayed  to  later  generations,  so  that  succes- 
sive generations  from  X-rayed  progenies  would  show  higher  mutation 
rates.     This  experiment  likewise  gave  a  negative  result. 

Another  test  of  a  delayed  effect  consists  of  the  search  for  small  mutant 
patches  in  the  progeny  of  treated  individuals.  Were  the  mutation 
delayed,  this  kind  of  mosaic  should  be  found  very  frequently,  since  only 
a  small  number  of  cells  of  an  individual  would  show  a  mutation  which  had 
arisen  in  late  stages.  Muller  (112)  reports  negative  results  in  this  regard, 
which  are  confirmed  by  the  later  data  of  Moore  (96).  Yet  in  Moore's 
data  there  are  indications  that  the  problem  is  by  no  means  solved. 

Moore  studied  the  "fractional"  mutations,  found  as  mosaics,  of 
Muller  (105).  He  has  determined  frequencies  of  fractional  and  complete 
mutations  in  the  progenies  of  males  and  females  treated  at  different 
stages  in  the  life  cycle.  It  is  noteworthy,  in  contrast  to  the  results  of 
Patterson  (139)  on  chromosome  breakage,  that  even  in  the  earliest  stages, 
there  is  a  frequency  of  fractional  mutations  comparable  to  that  found 
when  adults  are  treated.     But  the  histological  data  of  Kerkis  (81)  show 
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that  at  such  stages  the  majority  of  the  cells  in  the  gonads,  particularly 
of  the  female,  are  immature  and  subsequently  will  divide.  It  may  be,  as 
Harris  (72)  has  indicated,  that  these  divisions  all  concern  a  few  apical 
cells.  Unless  this  can  be  demonstrated,  however,  Moore's  adaptation  of 
Mailer's  original  assumption  that  fractionals  are  to  be  accounted  for  as 
the  result  of  a  double  chromosome  cannot  be  accepted  without  emenda- 
tion. If  an  apical-cell  mechanism  should  be  excluded,  the  choice  is 
between  the  assumption  of  an  aftereffect  or  the  assumption  that  the 
chromosome  is  double,  but  segregation  of  sister  chromonemata  is  random 
at  mitosis,  which  would  account  for  Moore's  results.  It  may  be  noted, 
that  on  the  latter  assumption,  complete  mutations  are  really  "double 
mutations,"  two  genes  mutating  at  once — an  apparent  contradiction 
to  the  evidence  that  only  one  of  an  allelomorphic  pair  mutates.  This 
has  been  considered  by  Moore  and  an  explanation  attempted  on  the  basis 
that  the  matrix  within  which  the  chromonemata  are  enclosed  makes  the 
chromosome  a  unit.  This,  however,  is  not  quite  satisfactory,  since, 
according  to  Nebel  (123),  each  chromonema  has  its  own  matrix.  The 
hypothesis  that  sister  chromonemata  segregate  at  random  may  be  tested 
as  Sturtevant  points  out,  by  the  data  from  somatic  crossing  over  (Stern, 
168).  Until  this  is  done,  it  is  perhaps  useless  to  speculate  further  in  this 
direction. 

Muller  (113)  recently  has  concluded  that  the  induction  of  mutation 
by  X-rays  may  be  an  indirect  effect.  His  reasoning  is  as  follows:  chromo- 
some breakages  tend  to  be  associated,  since  most  translocations  are 
mutual;  this  association  precludes  the  possibility  of  a  direct  effect  of 
X-rays  on  chromosome  breakage;  since,  however,  there  is  a  linear  relation 
between  frequency  of  translocation  and  dosage,  for  translocation  as  for 
mutation,  if  in  the  one  case  the  effect  is  indirect,  it  may  be  so  in  the  other 
as  well.  The  argument  is  far  from  convincing,  although  the  conclusion 
may  be  correct.  One  may  assume  a  direct  effect  on  attachment,  with 
the  resultant  double  breakage  a  linear  function  of  attachment;  this  would 
give  the  apparent  linear  relation  observed,  and  would  depend  on  a  direct 
effect  on  the  chromosome.  But  as  has  been  pointed  out,  inferences 
from  the  shape  of  the  dosage-effect  curve  give  no  satisfying  conclusion 
as  regards  the  mechanism  of  radiation  effects.  It  is  possible  that  the 
further  analysis  of  group  effects  will  be  profitable  in  this  connection. 
One  may  guess  that  both  these  and  the  translocat ion-group  effects  have 
their  origin  in  chromosome  movements  during  the  growth  of  the  male 
pronucleus.  This  is  a  time  which  has  been  untouched  as  yet  by  experi- 
ment, which  is  in  Drosophila  not  easy  to  manage  in  this  regard.  Yet, 
so  many  things  happen  at  this  time  that  the  lack  of  experiment  is  some- 
what surprising,  in  view  of  the  interest  in  the  problem  of  direct  effect. 

It  is,  of  course,  a  question  whether  any  changes  at  all  occur  in  the 
mature  sperm,  no  matter  how  long  it   is  aged.     Timofeeff-Ressovsky 
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(178)  has  tested  the  mutation  rate  in  young  and  old  males,  treated  with 
identical  doses  of  X-rays,  and  found  no  difference  in  mutation  tests 
(Table  27).  This  he  takes  to  indicate  that  mutation  is  not  tied  up  to  a 
particular  stage  of  cell  division.  If,  however,  nothing  really  happens 
until  the  sperm  gets  into  the  egg,  Timofeeff-Ressovsky's  experiment  has 
only  negative  value. 

Table  27. — Age  of  Mature  Sperm  at  Time  op  Treatment,  and  the  Frequency 
OF  Sex-linked  Mutations  in  Drosophila  melanogaster 
cf  cf  treated  with  3500  +  r-units;  Timofeeff-Ressovsky  (178) 


Experiment 


Young  cf  (^  irradiated  and  mated 
immediately 

cf  cf  kept  without  females  for  15  to 
20  days,  irradiated  and  then  mated 
immediately 


Number 

of 

gametes 

tested 


718 


539 


Number 

of 

lethal 

mutations 


82 


57 


Number 

of 
"visible" 
mutations 


Percent- 
age of 
sex-linked 
mutations 


11.9 


11.1 


From  all  these  considerations  it  follows  that  the  conclusion  either 
of  direct  or  of  indirect  effect  cannot  as  yet  be  reached.  The  data  are  not 
critical  in  this  regard.  It  may  also  be  remarked,  that  it  is  difficult  to 
conceive,  when  the  mechanism  of  comparatively  simple  radiochemical 
reactions  is  considered,  that  the  process  of  gene  mutation  should  be 
affected  by  the  release  of  electrons  directly  in  the  chemical  sense,  without 
the  intervention  of  successive  reactions. 


THE  CAUSES  OF  "SPONTANEOUS"  MUTATION 

The  "spontaneous"  mutations  constitute  a  single  point  on  the  curve 
relating  intensity  to  mutation  rate.  But,  just  as  photosynthesis  is 
dependent  on  other  factors  than  light,  other  agents  than  short-wave 
radiation  may  be  effective  in  changing  the  rate  of  mutation.  The  results 
from  other  treatments — references  need  not  be  given — have  been  negative 
in  the  main,  with  one  exception.  Yet  it  is  not  unlikely  that  the  reason 
for  the  failure  is  the  high  degree  to  which  the  nucleus  is  protected  from 
changes  in  the  external  environment.  The  one  exception — changes  of 
temperature — agrees  with  the  rule,  since  the  extent  of  penetration  does 
not  enter  into  such  experiments. 

The  temperature  experiments  constitute  only  an  indirect  attack 
on  the  role  of  such  other  factors.  Muller  and  Altenburg  (114)  and  Muller 
(107)  found  evidence  of  a  slight  increase  in  mutation  rate  which  indicated 
a  temperature  coefficient  for  the  mutation  process  of  the  order  of  magni- 
tude for  chemical  reactions.     Later  Goldschmidt   (49),  and  following 


RADIATION  AND  THE  STUDY  OF  MUTATION  IN  ANIMALS     1249 

his  lead,  Jollos  (77,  78,  79),  using  much  higher  temperatures  for  a  shorter 
time,  obtained  curious  and  specific  results  which  have  not  been  confirmed 
elsewhere.  Rokitzky  (145)  and  Plough  and  Ives  (144),  as  well  as 
Mackensen  (Muller,  113)  have  found  mutational  effects  which  might 
have  been  expected  on  the  basis  of  Muller's  earlier  data.  The  most 
striking  thing  about  the  experiments  of  Goldschmidt  and  of  Jollos  is  the 
apparent  specificity  of  the  temperature  effect.  This  would  imply  that 
at  different  loci  the  temperature  coefficients  of  mutation  process  differ — a 
not  improbable  state  of  affairs.  The  closest  approach  to  this  is  contained 
in  the  statement  of  Plough  and  Iv-es  that  recurrences  are  in  their  data 
somewhat  more  frequent  for  certain  loci  than  for  others,  although  they 
are  by  no  means  sure  of  the  statistical  significance  of  the  data. 

It  is  probable  from  these  results,  that  temperature  is  effective  in 
changing  mutation  rate.  Yet  the  effect  of  radiation  has  been  shown  to 
be  independent  of  temperature.  This  in  itself  does  not  indicate  that  the 
two  types  of  mutation  have  different  origins.  It  is  conceivable  that  the 
effect  of  temperature  is  on  the  stability  of  genes  with  respect  to  radiation, 
in  which  case  at  the  heavy  dosages  the  effect  of  a  rise  of  temperature 
would  be  inconsequential  in  comparison  with  the  energy  of  the  incident 
radiation,  and  so  would  be  masked. 

Following  the  discovery  of  the  effect  of  radiation  in  producing  muta- 
tions several  workers  suggested  the  possibility  (not  without  a  certain 
romantic  flavor)  that  all  mutations  were  due  to  radiation.  On  such  a 
basis,  the  rapidity  of  the  evolutionary  process  is  in  part  dependent  on 
the  intensity  of  the  surrounding  short-wave  radiation.  Accordingly 
Babcock  and  Collins  (7)  and  Hanson  and  Heys  (63)  felt  the  necessity 
of  testing  the  potency  of  "natural"  radiation  in  inducing  mutations. 
They  found,  as  might  be  expected,  slight  increases  in  the  mutation  rate 
corresponding  to  changes  in  incident  radiation  with  which  they  were 
working.  More  to  the  point,  however,  are  certain  calculations  of  Muller 
and  Mott-Smith  (119),  of  Timofeeff-Ressovsky  (176),  and  of  Efroimson 
(43). 

They  have  compared  the  total  ionization  to  which  Drosophila  is 
subject  during  its  life  with  that  which  would  be  expected  were  all  the 
"spontaneous"  mutations  induced  by  "natural"  radiation.  This 
involves  an  extrapolation  from  the  dosage-effect  curve,  on  the  assump- 
tion that  the  linear  relation  holds  at  low  radiation  intensities.  They 
have  found  enormous  discrepancies,  certainly  significant,  between  the 
observed  and  calculated  mutation  rates.  But  these  discrepancies  do 
not  show  that  "it  is  accordingly  probable  that  most  mutations  come 
about  as  the  result  of  other  causes"  than  radiation.  They  show  at  best 
that  at  low  dosages  the  relation  between  intensity  and  effect  is  not  linear. 
That  this  is  quite  likely  has  already  been  pointed  out  on  other  grounds 
(page  1240). 
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The  essential  experiment  is  one  which  Muller  (112)  had  undertaken 
before  the  calculations  discussed  in  the  foregoing  were  completed  and 
subsequently  discontinued.  If  radiations  constitute  a  sine  qua  non  for 
the  mutation  process,  when  radiations  are  screened  off  there  should  be 
fewer — or  no — mutations.  This  is  a  most  difficult  experiment — the 
spontaneous  mutation  being  as  low  as  it  is.  But  it  is  a  critical  one. 
For  without  it  (and,  under  certain  not  too  improbable  assumptions  even 
with  it)  the  idea  is  tenable  that  many  factors  are  concerned  with  the 
stability  of  genes,  but  that  the  "accidents"  which  constitute  a  mutation 
always  involve  the  effect  of  radiation. 

THE  NATURE  OF  THE  MUTATION  PROCESS 

The  discussion  in  the  preceding  section,  as  in  those  before  it,  dealt 
more  or  less  descriptively  with  the  characteristics  of  the  mutation  process. 
Most  of  the  conclusions  as  to  the  "causes"  of  mutations  rest  on  assump- 
tions, explicit  or  implicit,  as  to  the  nature  of  the  genes  and  the  mechanism 
whereby  they  change.  The  assumptions  fall  into  two  categories:  (o) 
the  genes  are  independent  units,  and  mutations  are  changes  within  the 
units;  or  (6)  the  chromosome  is  a  continuum  and  changes  in  any  portion 
thereof  constitute  mutations.  A  bridge  between  these  is  found  in  the 
position-effect  hypothesis,  which  permits  the  expectation  that  a  change 
in  one  gene  modifies  the  behavior  of  its  neighbors. 

Under  both  of  these  broad  categories  there  is  a  class  of  mutation 
theory  which  dates  back  to  Bateson's  "presence  and  absence."  Either 
mutations  are  inactivations  or  losses,  total  or  partial,  of  the  unit,  or 
they  are  greater  or  lesser  losses  of  portions  of  the  chromosome.  There 
is  no  point  here  in  discussing  the  details  of  these  hypotheses;  much  con- 
troversial blood  has  been  spilled,  and  yet  it  would  seem  that  the  points  at 
issue  have  no  concern  with  the  experiments  which  purport  to  study  them. 
This  is  particularly  evident  in  the  studies  on  reverse  mutations  (59,  140, 
182).  These  are  important,  as  has  been  seen,  in  any  attempt  to  under- 
stand the  question  of  the  direction  of  mutation.  Actually  they  were 
undertaken  largely  in  an  attempt  to  show  that  the  effect  of  X-rays  on 
genes  is  not  to  destroy  them;  that  is,  to  prove  that  the  radiation-induced 
mutations  are  not  deficiencies.  The  proof  consists  of  the  induction  of 
mutations  in  both  directions  at  the  same  locus.  This  could,  however, 
only  amount  to  proof  if  it  is  granted  beforehand  that  mutation  is  a 
change  within  the  gene,  as  Goldschmidt  (51)  has  pointed  out.  Many 
mechanisms  are  conceivable,  particularly  with  the  intervention  of  a 
position  effect  (cf.  Stadler,  166),  whereby  reverse  mutations  could 
occur  and  still  be  due  to  quantitative  changes  of  some  kind. 

One  of  the  most  elaborate  recent  attempts  to  provide  both  a  structure 
of  the  gene  and  a  mechanism  of  mutation  is  the  hypothesis  of  subgenes, 
due  to  Serebrovsky  and  Dubinin  and  their  coworkers  (1,  2,  35  to  39, 
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150,  151,  83,  154).  These  workers  studied  the  bristle  pattern  in  a  series 
of  multiple  allelomorphs  at  the  scute  locus  in  Drosophila  melanogaster . 
It  seemed  at  first  as  if  the  bristles  could  be  arranged  in  a  specific  linear 
order  and  that  the  different  allelomorphs  affected  the  bristles  of  this 
order  in  blocks.  Serebrovsky  and  Dubinin  then  assumed  that  the 
arrangement  of  the  subgenes  in  the  chromosome  corresponded  to  that 
of  the  bristles  in  the  linear  series.  In  this  way  each  of  the  allelomorphs 
was  due  to  the  simultaneous  change  (loss  at  first)  of  neighboring  sub- 
genes.  Later  work  of  Dubinin  (39)  and  of  Sturtevant  (170o)  has  shown 
that  the  original  linear  seriation  does  not  hold  and  (Sturtevant)  that 
different  seriations  are  required  at  different  temperatures.  In  the 
meantime,  Sturtevant  and  Schultz  (171)  were  concerned  to  show  that  the 
premise  of  the  hypothesis — the  identification  of  a  developmental  pattern 
with  gene  structure — is  untenable.  Both  they  and  Goldschmidt  (50) 
suggested  developmental  interpretations,  which  have  been  rejected  by 
Dubinin  and  Friesen  (40).  It  may  well  be  that  the  specific  develop- 
mental interpretations  are  faulty;  bristle  pattern  in  Drosophila  is  little 
understood.  But  this  in  itself  emphasizes  the  danger  of  projecting 
developmental  data  on  to  the  gene,  without  a  clear  knowledge  of  what  is 
under  discussion. 

One  may  perhaps  note  a  significant  contrast  in  the  primary  interests 
of  the  participants  in  the  presence  or  absence  controversy.  The 
modern  proponents  of  the  theory  are  chiefly  interested  in  simplicity  as  far 
as  concerns  the  theories  of  what  genes  do.  Their  adversaries,  on  the  other 
hand,  are  most  engaged  with  the  evolutionary  process,  which  they  cannot 
imagine  without  qualitative  changes  in  genes.  Indeed,  it  has  been  stated 
that  the  evolution  of  genes  "implies  the  possibility  of  qualitative  change 
...  as  a  necessary  condition."  The  periodic  table  of  chemical  elements 
may,  however,  be  recalled.  Here  is  an  example  of  the  results  of 
quantitative  changes  which  may  then,  a  priori,  suffice  to  give  an  extensive 
enough  array  of  units  for  any  evolution.  Moreover,  the  analogy  is 
useful  in  another  sense,  the  distinction  between  qualitative  and  quantita- 
tive changes  in  genes  is  a  relatively  useless  one  unless  it  is  sufficiently 
specified  so  that  predictions  can  be  made.  Now  the  specifications  which 
are  required  to  make  an  adequate  definition  we  are  not  at  all  prepared 
to  give.  The  methods  used  all  involve  inferences  from  phenotypic 
changes  to  the  structure  of  the  gene,  and  the  arguments  used  against 
Serebrovsky  and  Dubinin's  subgenes  apply  equally  well  to  the  more 
recent  attempts  to  test  the  "molecular"  structure  of  the  gene  (Demerec, 
21a).  This  is  particularly  the  case  when  the  introduction  of  the  position- 
effect  hypothesis  into  the  field  is  considered.  Mechanical  displacements 
and  molecular  changes  become  effectively  one,  as  far  as  the  experiments 
to  date  are  concerned.  It  is  patent  that  new  methods  must  be  devised, 
which  will  deal  with  the  genes  by  more  specific  methods  than  those  now 
available  before  it  is  profitable  to  discuss  gene  structure. 
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The  consideration  of  the  stabiHties  of  the  genes,  however,  is  made 
possible  by  the  existing  experiments,  and  even  leads  to  certain  direct 
inferences  as  regards  the  evolutionary  process.  As  has  already  been 
shown,  it  is  possible  that  the  analogy  of  the  Galton  polygon  holds  in  the 
quantitative  relations  of  the  mutations  at  the  white  locus  in  Drosophila; 
that  the  frequency  with  which  mutation  to  a  given  allelomorph  occurs, 
is  a  direct  function  of  the  stability  of  that  gene  itself.  It  is  possible  that 
further  studies  in  this  direction  may  establish  this  relation  definitely 
for  many  genes  and  give  it  a  meaning  in  terms  of  reaction  velocities  or 
of  energy  relationships.  From  the  studies  of  reverse  mutations  it  defi- 
nitely follows  that  the  normal  allelomorph,  which  is  prevalent  in  a 
population,  is  for  many  genes  maintained  against  a  mutation  pressure 
which  tends  to  replace  it  by  more  stable  allelomorphs.  This  is  not 
surprising,  in  view  of  the  calculations  of  Haldane,  Wright,  and  Fisher 
on  the  role  of  mutation  pressure  in  mendelian  populations.  However, 
it  also  suggests  that  there  is  a  large  population  of  genes  whose  normal 
allelomorphs  are  the  most  stable  of  the  possible  series;  and  of  these  we 
are  very  unlikely  to  obtain  mutations. 

Such  considerations  are  of  the  utmost  importance  in  any  attempt 
to  calculate  the  size  and  number  of  the  genes.  The  ambitious  attempt  of 
Gowen  and  Gay  (52),  in  particular,  which  gives  a  figure  seven  times  higher 
than  that  of  the  preceding  computations  (92,  108),  fails  because  of  the 
use  of  lethal  genes,  not  tested  for  recurrence.  These  have  been  shown  by 
Patterson  to  occur  on  the  average  seven  times  as  frequently  as  the  viable 
mutations  at  the  same  locus.  Now  the  calculation  of  the  number  of 
genes  depends  on  the  frequency  of  recurrence  of  viable  mutations  (Mul- 
ler,  108)  from  which  the  total  number  of  genes  may  be  obtained.  Gowen 
and  Gay  by  assuming  that  "lethal  genes"  are  per  se  different  from  others, 
and  so  multiplying  their  value  for  "visible"  mutation  fall  into  serious 
error,  which  results  in  their  high  figure.  There  is  now  some  reason  to 
believe  that  a  direct  cytological  check  may  be  possible  in  the  chromosomes 
of  the  salivary  glands  of  the  Drosophila  (128).  But  until  this  is  possible, 
the  distribution  of  the  stabilities  of  genes  must  be  taken  into  account  in 
any  such  calculation;  and  the  determination  of  their  size  (8a,  52)  on  the 
assumption  of  direct  electron  hits  certainly  awaits  an  elucidation  of  the 
mutation  reaction. 

It  is  a  pleasure  to  record  the  stimulus  of  frequent  discussion  with  Drs. 
A.  H.  Sturtevant  and  Th.  Dobzhansky.  I  am  also  indebted  to  Miss  E. 
M.  Wallace  for  help  with  the  preparation  of  the  figures. 
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INTRODUCTION 

The  discovery  by  Muller  (31)  in  1927  of  mutation  induced  by  X-rays 
in  Drosophila  greatly  stimulated  interest  in  the  possibilities  of  the  experi- 
mental modification  of  heredity  in  plants.  The  partial  control  of  heredity 
which  the  results  of  MuUer's  experiments  seemed  to  promise  probably 
would  have  its  chief  application  in  the  breeding  of  plants,  for  economic 
plant  breeding  can  make  much  more  rapid  and  extensive  use  of  advances 
in  genetic  knowledge  than  can  economic  animal  breeding.  The  effects 
of  penetrating  radiations  on  genetic  variability  have  now  been  investi- 
gated in  a  wide  variety  of  species  among  the  higher  plants,  and  the  results 
in  general  confirm  those  obtained  by  Muller  with  Drosophila. 

In  plants,  as  in  the  fruit  fly,  it  is  found  that  chromosomal  irregularities 
of  various  types,  as  well  as  gene  mutations,  are  a  characteristic  result 
of  irradiation.  This  chapter  is  concerned  primarily  with  the  evidence 
regarding  induced  mutation;  the  grosser  chromosomal  variations  occur- 
ring in  irradiated  plants  are  discussed  separately  in  Papers  XLI  and  XLII. 
The  distinction,  however,  is  in  some  degree  arbitrary.  "Mutation" 
and  "chromosomal  aberration"  are  not  coordinate  classes.  Mutation 
implies  a  hypothetical  change  within  the  individual  gene,  or  at  any  rate 
a  change  affecting  no  more  than  a  single  gene.  But  since  the  individual 
gene  is  invisible,  the  identification  of  a  germinal  variation  as  a  mutation 
is  a  matter  of  inference — we  assume  from  its  genetic  behavior  that  it  is 
due  to  a  change  in  a  gene.  A  chromosomal  variation,  on  the  contrary, 
may  be  identified  by  direct  examination  of  the  chromosome,  and  there 
are  instances  of  variations  which  from  their  genetic  behavior  were  taken 
to  be  mutations  and  which  on  direct  examination  have  turned  out  to  be 
chromosomal  variations.  Thus  in  effect  a  mutation  is  simply  a  mendeliz- 
ing  variation  that  has  not  been  proven  to  be  the  result  of  something 
other  than  a  change  in  a  single  gene.  It  is  the  task  of  future  investiga- 
tion to  determine  to  what  extent  such  variations  represent  changes 
in  the  genes  themselves. 
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Before  the  publication  of  Muller's  results,  several  investigations 
of  the  genetic  effects  of  penetrating  radiations  in  plants  were  in  progress 
and  some  positive  results  had  been  obtained.  The  work  of  Gager  and 
Blakeslee  (14)  is  especially  noteworthy  in  this  connection.  These 
investigators  treated  young  buds  of  Datura  Stramonium  by  fixing  within 
the  ovaries  tubes  containing  "radium  emanation."  Since  the  alpha  and 
beta  radiations  were  largely  or  wholly  absorbed  by  the  walls  of  the  tubes, 
the  results  of  the  treatment  are  ascribed  to  the  gamma  radiation.  A 
capsule  treated  at  a  stage  when  "reduction  had  certainly  taken  place 
in  the  pollen  mother  cells  and  almost  certainly  also  in  the  megaspore 
mother  cells"  yielded  a  progeny  of  113  plants,  among  which  20  were 
found  to  be  chromosomal  variants.  These  included  a  large  number  of 
trisomic  forms  corresponding  to  the  types  previously  found  in  untreated 
Datura  by  Blakeslee  and  his  coworkers  and  shown  by  them  to  be  charac- 
terized by  the  presence  of  an  extra  chromosome  of  the  normal  comple- 
ment. The  increased  frequency  of  occurrence  of  these  types  in  the 
treated  series  is  ascribed  to  nondisjunction  induced  by  the  treatment. 
In  addition  there  were  certain  more  complex  chromosomal  variants, 
notably  a  new  type  Nubbin  which  was  shown  by  Blakeslee  (4,  5)  to  carry 
two  chromosomes  of  complex  structure,  each  formed  of  parts  of  two 
nonhomologous  chromosomes  of  the  normal  complement.  To  account 
for  the  occurrence  of  this  type  it  is  necessary  to  assume  that  some  of 
the  chromosomes  in  a  germ  cell  of  the  treated  plant  had  been  broken 
and  that  the  resulting  chromosome  fragments  had  become  permanently 
attached  in  new  combination.  The  proportion  of  chromosomal  variants 
in  the  progeny  grown  from  the  treated  capsule  was  about  40  times  as 
great  as  that  found  in  untreated  material  of  the  same  pure  line. 

In  the  progeny  tests  of  the  chromosomal  variants  it  was  found  that 
2  of  the  18  plants  tested  were  heterozygous  for  new  recessive  genes. 
Apparently  in  the  germ  cells  of  the  treated  plant  gene  mutations  as  well 
as  chromosomal  aberrations  had  occurred.  Although  the  number  of 
mutations  found  was  small,  the  occurrence  of  even  these  few  instances 
was  very  suggestive,  for  in  the  very  extensive  previous  work  with  the 
same  strain  no  gene  mutations  whatever  had  been  found  in  the  progeny 
of  diploid  plants. 

Thus  the  progeny  of  this  single  treated  capsule  of  Datura  included 
valiants  resulting  from  three  diverse  types  of  germinal  variation,  namely, 
change  in  the  distribution  of  chromosomes,  internal  reorganization  of 
chromosomes,  and  change  in  individual  genes.  Subsequent  investigations 
have  shown  that  these  three  types  of  germinal  variation  are  induced 
by  high-frequency  radiation  in  a  wide  variety  of  forms,  both  plant 
and  animal. 

The  study  of  the  genetic  effects  of  irradiation  in  Datura  has  been 
continued  and  extended  by  Blakeslee  and  his  associates.     This  work 
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has  been  concerned  primarily  with  the  analysis  of  the  chromosomal 
effects  of  irradiation.  The  results  of  these  studies  are  discussed  in 
Paper  XLI.  Additional  instances  of  mutation  induced  by  radium 
treatment  are  reported  by  Avery  and  Blakeslee  (1)  and  Buchholz  and 
Blakeslee  (7,  7a). 

Buchholz  and  Blakeslee  studied  abnormalities  of  pollen  and  pollen- 
tube  growth  in  plants  from  radium-treated  parents.  The  strain  of 
Datura  Stramonium  used  in  their  experiments  was  a  diploid  line  derived 
from  a  haploid  plant.  Such  a  line  is  absolutely  homozygous  except 
for  genes  which  may  have  mutated  subsequent  to  the  establishment 
of  the  diploid  line.  The  radium  treatments  were  applied  to  the  mature 
pollen  before  pollination  or  to  the  pollen  tubes  growing  in  the  style  after 
pollination.  Among  the  plants  of  the  next  generation  192  were  tested 
for  abnormal  pollen-tube  growth,  by  examining  the  styles  of  normal 
plants  pollinated  from  the  plants  under  test.  Forty-eight  plants  showing 
abnormal  pollen  behavior  were  found.  Two  of  these  cases  are  described 
in  detail.  In  one,  about  half  of  the  pollen  ordinarily  fails  to  germinate 
or  in  some  instances  gives  rise  to  pollen  tubes  which  burst  near  the  stigma. 
In  the  second  case,  the  pollen  germinates  normally,  but  half  of  the  grains 
produce  slow-growing  pollen  tubes  which  commonly  fail  to  accomplish 
fertilization.  In  both  cases  the  variation  is  transmitted  normally 
through  the  female  germ  cells.  Since  the  chromosomes  of  the  affected 
plants  are  apparently  normal,  the  abnormalities  are  considered  to  be 
due  to  recessive  genes,  resulting  from  mutation  induced  by  the  radium 
treatment. 

Genetic  variations  are  induced  in  Datura  similarly  by  X-ray  treat- 
ment. Blakeslee  et  al  (6)  have  briefly  described  various  genetic  effects 
of  X-ray  treatment  of  seeds  of  Datura  Stramonium,  including  the  produc- 
tion of  a  number  of  gene  mutations. 

A  comprehensive  series  of  investigations  of  the  cytogenetic  effects 
of  both  X-ray  and  gamma-ray  treatments  in  Nicotiana  has  been  carried 
out  by  Goodspeed  (16  to  19),  following  the  discovery  of  X-ray  induced 
variation  in  Nicotiana  by  Goodspeed  and  Olson  (20).  Treatments 
were  applied  to  young  buds,  mature  pollen,  dormant  seeds,  and  young 
seedlings.  Various  species  and  varieties  were  used.  In  addition  to  a 
wide  variety  of  chromosomal  variants  (which  are  discussed  in  Paper  XLI), 
many  gene  mutations  were  found  in  the  progeny  of  treated  plants. 
Goodspeed  (17)  has  described  three  apparent  mutants  of  A^.  Tabacum 
purpurea.  Two  of  these,  pink-flower  color  and  pistillody  of  the  androe- 
cium,  occurred  in  progenies  of  plants  in  which  young  buds  were  X-rayed, 
the  third,  albino  seedlings,  in  the  progeny  of  a  plant  grown  from  radium- 
treated  seed.  Later  investigation  (18,  19)  indicated  that  the  pink-flower 
variation  resulted  from  the  loss  of  a  chromosome  segment  rather  than 
from  gene  mutation. 
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Another  solanaceous  form  which  has  been  extensively  used  as  material 
for  genetical  investigations,  and  in  which  genetic  effects  of  irradiation 
have  been  studied,  is  the  tomato  (Lycopersicum  esculentum).  Lindstrom 
(28)  has  reported  a  study  of  variations  appearing  in  the  tomato  following 
radium  treatment  of  seeds,  growing  tips,  and  young  fruits.  Five  mutant 
types  inherited  as  simple  monogenic  recessives  are  described,  three 
affecting  chlorophyll  characters  and  two  morphological  characters. 
Three  of  these  arose  in  a  pure  line  derived  from  a  doubled  haploid.  In 
addition,  a  dwarfed  and  sterile  type,  which  appeared,  apparently  as  a 
recessive  mutant,  in  the  progeny  of  an  irradiated  plant  of  Lycopersicum 
pimpinellifolium,  is  described. 

The  genetic  effects  of  X-rays  on  cotton  (Gossypium  hirsutum)  have 
been  investigated  by  Horlacher  and  Killough  (21,  21o,  22,  23).  In  a 
preliminary  account  McKay  and  Goodspeed  (30)  have  also  reported 
the  occurrence  of  variations  following  irradiation  in  cotton,  but  the 
genetic  analysis  of  these  variants  has  not  yet  been  reported.  Horlacher 
and  Killough  treated  dry  seeds  with  heavy  doses  of  X-rays.  In  the 
following  generation  several  mutations  were  found,  including  variations 
of  leaf  color,  leaf  form,  and  type  of  plant.  These  authors  have  recently 
submitted  strong  evidence  for  the  occurrence  of  dominant  "progressive" 
mutations  as  a  result  of  irradiation.  In  a  family  characterized  by 
"forked"  leaf  shape,  a  character  inherited  as  a  simple  recessive  (nn), 
and  in  families  heterozygous  for  forked,  irradiation  has  repeatedly 
induced  the  mutation  of  n  to  the  normal  allelomorph.  Similarly  in 
the  case  of  virescent  yellow-plant  color  {vv),  known  to  be  a  simple 
recessive  to  the  normal  green,  the  treatment  has  induced  mutation 
to  the  normal  allelomorph  V. 

Mutations  induced  by  X-rays  in  Antirrhinum  majus  have  been 
reported  by  Stubbe  (51,  51a,  6,  c).  Spontaneous  mutation  in  this  species 
had  been  intensively  studied  by  Baur  (2)  who  found  in  one  line  a  mutation 
rate  of  approximately  5  per  cent,  that  is,  5  per  cent  of  the  plants  tested 
proved  to  be  heterozygous  for  a  gene  not  present  in  the  ancestry  of  the 
plant.  The  line  used  in  Stubbe's  experiments  was  apparently  much 
less  mutable,  the  frequency  of  mutation  in  the  untreated  control  being 
about  1  per  cent.  About  one-half  of  the  spontaneous  mutations  affect 
flower-shape  characters,  and  it  was  found  that  mutations  of  this  class 
were  not  increased  in  frequency  by  the  treatment.  The  mutations 
observed  in  the  treated  series  were  largely  mutations  affecting  vegetative 
organs  of  the  plant.  Stubbe  used  X-rays  of  varying  wave-length, 
including  the  so-called  grenz  rays,  and  obtained  mutation  by  treatment 
of  seeds,  seedlings,  and  pollen,  as  well  as  young  flower  buds. 

The  investigations  by  Stein  (48,  48a,  49,  50)  of  the  effects  of  radium 
treatment  in  Antirrhinum  majus  also  should  be  mentioned,  although 
these  were  concerned  chiefly  with  the  analysis  of  the  direct  effects  of 
irradiation  on  the  plants  treated,  rather  than  with  the  permanent  modi- 
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ficatioii  of  the  germ  plasm.  Stein  reported  characteristic  modifications 
of  the  irradiated  plants  ("Radiomorphosen")  which  in  general  were  not 
transmitted  to  the  progeny.  In  some  instances  (49),  however,  similar 
defects  were  noted  in  the  progeny  of  treated  plants,  and  recent  evidence 
(50)  indicates  that  these  may  be  inherited  as  if  due  to  recessive  gene 
mutation. 

In  the  Gramineae  several  of  the  economically  valuable  cereal  plants 
have  been  used  in  genetic  experimente  with  X-rays  and  radium.  Barley 
(Hordeum  spp.),  oats  (Avena  spp.),  wheat  {Triticum  spp.),  and  maize 
{Zea  Mays)  have  been  used  by  Stadler  (38  to  47)  and  wheat  has  been 
used  also  by  Delaunay  (10  to  13)  and  Sapehin  (36). 

In  the  experiments  with  barley  (38,  40,  43,  45a)  mutation  was  induced 
by  seed  treatment  with  both  X-rays  and  radium.  In  the  first  series  of 
experiments  53  mutations  were  found  among  2800  progenies  tested,  while 
no  mutations  were  found  among  the  1500  control  progenies  tested.  Since 
about  90  per  cent  of  the  induced  mutations  could  be  recognized  in  the 
seedling  stage,  seedling  mutations  alone  were  used  as  an  index  of  mutation 
frequency  in  some  of  the  later  experiments  in  which  high  numbers  of 
mutations  were  required  for  significant  comparisons.  More  than 
800  mutations  affecting  seedling  characters  were  observed  in  these 
experiments.  About  95  per  cent  of  these  affect  chlorophyll  characters 
of  diverse  types.  The  remainder  include  a  wide  range  of  morphological 
abnormalities.  Treatment  of  both  dormant  and  germinating  seeds 
resulted  in  mutation,  but  the  rate  of  mutation  following  treatment  of 
actively  germinating  seeds  was  about  eight  times  as  great  as  that  follow- 
ing similar  treatment  of  dormant  seeds.  In  both  dormant  and  germinat- 
ing seeds  the  mutation  rate  was  roughly  proportional  to  the  total  intensity 
of  radiation  applied.  The  frequency  of  induced  mutation  was  not 
affected  by  temperature  treatments  applied  either  at  the  time  of  irradia- 
tion or  during  the  period  following.  X-rays  through  a  wide  range  of 
wave-lengths  induced  mutations  of  the  same  general  type  and  at  rates 
approximately  proportional  to  the  ionizing  intensity  of  the  radiation 
applied.  IMutations  were  induced  similarly  by  gamma  rays  of  radium, 
beta  rays  of  radiothorium,  and  cathode  rays. 

Similar  treatments  applied  to  common  oats  and  common  wheat  have 
little  or  no  effect  on  the  frequency  of  seedling  mutations  (42).  Common 
oats  and  wheat  have  21  pairs  of  chromosomes,  while  common  barley 
has  7  pairs.  Related  species  of  Avena  and  Triticum  with  7  pairs  of 
chromosomes  {Avena  brevis,  A.  strigosa,  Triticum  monococcum)  responded 
to  the  treatment  in  the  same  way  as  barley.  The  difference  in  response 
between  the  7-chromosome  and  the  21-chromosome  species  is  considered 
the  result  of  gene  reduplication  in  the  polyploid  species. 

Induced  variations  in  wheat  have  been  reported  by  Delaunay  and 
by  Sapehin.  Delaunay  (10  to  13)  X-rayed  50  ears  of  Triticum  vulgare 
albidum,  an  awnless  common  wheat,  and  obtained  from  the  progeny 
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eight  variant  types  (in  addition  to  certain  "monstrous  forms").  Six  of 
these  were  found  to  be  due  to  chromosomal  aberrations.  One  ("  awned  ") 
was  considered  "an  undoubted  case  of  locus  mutation,"  and  another 
("squarehead")  was  considered  possibly  due  to  gene  mutation.  The 
eight  variants  all  arose  in  the  progeny  from  ears  X-rayed  at  meiosis 
and  later;  a  larger  group  from  treatments  apphed  at  an  earlier  stage  of 
development  yielded  no  variant  types.  Sapehin  (36)  has  briefly  reported 
the  occurrence  of  numerous  variants  in  the  progeny  of  common  wheat, 
of  which  the  great  majority  were  aberrant  types,  more  or  less  sterile, 
but  among  which  some  apparent  mutants  of  practical  interest  were 
included.  The  genetic  analysis  of  these  variants  has  not  yet  been 
reported. 

Mutations  have  been  induced  in  maize  by  X-ray  treatment  of  pollen, 
young  embryos,  or  seeds  (45,  45a).  This  plant  is  less  favorable  material 
than  barley  for  quantitative  studies  of  mutation  frequency,  but  because 
of  its  unique  combination  of  genetic  and  cytological  advantages  it  is 
much  more  favorable  for  the  genetic  analysis  of  the  induced  mutations. 
The  treatments  are  applied  to  parent  stocks  differing  in  genes  marking 
all  10  chromosomes.  These  are  crossed  and  the  Fi  plants  are  self- 
fertilized.  The  mutants  segregate  in  F^  progenies  segregating  also  for 
the  chromosome  markers,  and  thus  their  linkage  relations  are  indicated 
at  once.  The  presence  of  the  marker  genes  also  permits  the  recognition 
in  i^i  and  F^  of  various  types  of  chromosomal  aberration  occurring 
in  the  same  progenies.  These  include  deficiency,  inversion,  segmental 
interchange,  and  various  modifications  and  combinations  of  these 
phenomena.  The  chromosomal  effects  of  X-ray  treatment  in  maize 
are  discussed  in  Paper  XLI.  About  40  mutations  affecting  seed  and 
seedling  characters  were  found  in  experiments  thus  far  reported.  All 
of  the  mutations  were  recessive.  They  show  normal  linkage  relations, 
and  their  occurrence  is  not  correlated  with  that  of  the  gross  chromosomal 
alterations  causing  partial  sterility. 

WHAT  RADIATIONS  ARE  EFFECTIVE? 

The  X-rays  found  to  induce  mutation  in  the  experiments  reviewed 
above  were  relatively  "soft"  or  low-frequency  radiations,  in  most  cases 
those  emitted  at  50  to  100  k v.  p.  The  results  secured  with  this  radiation 
were  in  general  similar  to  those  secured  with  gamma  rays  of  radium, 
which  correspond  to  extremely  hard  X-rays,  of  higher  frequency  than 
any  obtainable  with  ordinary  X-ray  equipment.  The  so-called  "grenz 
rays,"  which  are  very  soft  X-rays  generated  at  10  kv.  p.  and  lower,  induce 
mutation  similarly  (43,  51r).  Apparently  X-rays  of  any  degree  of 
hardness  obtainable  with  present-day  equipment  are  capable  of  inducing 
mutation. 
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The  genetic  effectiveness  of  radiations  of  lower  frequency  than  the 
grenz  rays  has  not  been  determined  in  plants.  Between  the  grenz  rays 
and  the  ultra-violet  is  a  broad  band  of  frequencies  now  being  explored 
by  physicists  but  not  readily  available  for  biological  investigation. 
The  ultra-violet  is  so  highly  absorbed  by  intervening  tissue  that  it  is 
difficult  to  apply  significant  intensities  to  the  germ  cells.  Stubbe  found 
no  effect  of  ultra-violet  treatment  of  buds  on  the  frequency  of  mutation 
in  Antirrhinum,  but  it  is  not  certain  that  the  radiation  penetrated  to 
the  germ  cells  tested.  Mutation  induced  by  ultra-violet  radiation 
has  been  reported  in  Drosophila  (see  Paper  XXXIX). 

Mutation  is  induced  similarly  by  beta  rays  and  cathode  rays.  Stadler 
(45a)  reports  mutations  in  barley  induced  by  beta  rays  of  radiothorium 
and  by  cathode  rays,  and  Kopf,  according  to  Lindstrom  (28),  found  a 
mutation  in  the  tomato  following  treatment  with  cathode  rays.  Beta 
rays  and  cathode  rays  are  radiations  of  similar  nature,  fundamentally 
different  from  X-rays.  They  consist  of  streams  of  electrons  moving 
at  high  velocity.  However,  the  secondary  radiation  produced  within 
the  tissues  by  the  absorption  of  X-rays  is  analogous  in  nature  to  beta 
rays,  while  the  secondary  radiation  produced  by  the  absorption  of  beta 
rays  is  analogous  to  X-rays.  It  is  probable  that  the  effective  agent 
in  both  X-ray  and  beta-ray  treatment  is  the  same. 

The  relative  effectiveness  of  X-rays  of  different  degrees  of  hardness 
has  been  investigated  by  Stubbe  (51c).  Treatments  were  applied  to 
the  pollen  of  Antirrhinum  majus,  and  the  effect  on  mutation  frequency 
determined  by  examination  of  F2  progenies.  The  results  are  summarized 
in  Table  1. 

The  percentage  of  mutations  in  excess  of  the  control  is  somewhat 
lower  in  the  series  treated  with  soft  X-rays,  but  the  differences  are 
obviously  insignificant. 

The  relation  of  radiation  intensity  to  frequency  of  induced  mutation 
has  been  determined  in  several  experiments.  In  barley  mutation 
frequency  was  roughly  proportional  to  dosage,  in  experiments  in  which 
both  dormant  and  germinating  seeds  were  X-rayed  (44).  A  similar 
relation  was  reported  by  Stubbe  (516)  for  X-ray  treatment  of  buds  in 
Antirrhinum,  but  the  experiments  of  the  same  author  with  pollen  treat- 
ment of  Antirrhinum  (summarized  in  Table  1),  show  a  very  different 
result.  Here  the  frequency  of  mutation  increases  with  increasing  dosage 
to  400  r,  drops  sharply  at  800  r  and  1600  r,  and  increases  again  at  3200  r. 
For  each  grade  of  radiation  the  course  of  the  dosage  curve  is  similar, 
although  the  numbers  involved  in  the  separate  trials  are  too  small  to  be 
convincing  when  considered  individually.  The  percentage  of  mutants 
observed  in  the  progeny  of  plants  treated  at  400  r  was  higher  than  that 
in  the  progeny  of  plants  given  eight  times  as  large  a  dose.  To  account 
for  this  unexpected  result  Stubbe  suggests  that  the  mutations  or  chromo- 
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somal  variations  involved  belong  to  two  sharply  separated  classes. 
Variations  of  one  class  occur  readily  under  light  doses  and  tend  to  be 
lethal  under  heavier  doses;  those  of  the  other  class  occur  only  under 
heavy  treatment.  In  genetic  experiments  with  radiation  in  other  forms 
there  has  been  no  indication  of  such  a  dosage  relation. 

Table  1. — Effect  of  Grenz  Rays,  Soft  X-rays,  and  Hard  X-rays  on  Mutation 

IN  Antirrhinum  majus 

(After  Stubbe,  58) 


Treatment 

Kilovolts 

Filter 

Half-value  layer 

Mutation  frequency 

100  r 

200  r 

400  r 

800  r 

leoor 

3200r 

Total 

Grenz   rays.  .  . 
Soft  X-rays .  .  . 

Hard  X-rays.  . 

Total 

8,  10 
30,  50,  70 
(125 
(176 

none 
none 
3  mm.  Al 
0.6  mm.  Cu 

0.015-0.019  Al 
0.05-0.08  Cu 
0.3     Cu) 
0.85  Cul 

%5 
Kl8 

^06 

%2 

Hi 

9^90 

«3 
^7 

»?iso 

yi2i 
%i 

^?il9 

He 

Hl9 

«4 

Hi 
Ho 

«85 

»%68 

>^8S 

»K609 
*?^179 

Control 

SPECIES  DIFFERENCES  IN  MUTABILITY 

Although  penetrating  radiation  induces  mutation  in  organisms  so 
diverse  as  Drosophila  and  Hahrobracon,  Datura  and  Hordeum,  there 
are  large  differences  in  the  frequency  of  induced  mutation  in  different 
species  of  the  same  genus.  The  much  lower  mutation  frequency  of  the 
polyploid  species  in  Avena  and  Triticum  has  already  been  mentioned. 
On  the  other  hand,  Goodspeed  (17)  states  that  in  Nicotiana  the  species 
N.  glutinosa  and  N.  sylvestris,  which  have  12  pairs  of  chromosomes,  are 
much  more  difficult  to  alter  by  X-ray  or  radium  treatment  than  the 
species  N.  Tahacum  and  N.  rustica,  which  have  24  pairs  of  chromosomes. 
The  lower  mutability  of  the  polyploid  species  of  Triticum  has  been 
questioned  by  Sapehin  (36),  who  points  out  that  relatively  soft  radiation 
was  used  in  the  experiments  with  Triticum  by  both  Stadler  and  Delaunay. 
Using  somewhat  harder  X-rays  in  treating  T.  vulgare,  Sapehin  reports: 

Der  Erfolg  war  iiberraschend :  Hunderte  unter  den  Nachkommen  traten  in 
den  verschiedensten  Richtungen  verandert  auf.  .  .  .  Die  uberwiegende  Mehrzahl 
der  Mutanten  (nicht  alle!)  sind  Chroniosomen-Aberranten  und  meist  inehr 
oder  weniger  steril ;  viele  sind  iin  morphologischen  Sinne  defektiv,  docli  koinmen 
einzelne  starke,  fruchtreiche  Mutanten  vor,  die  von  praktischem  Interesse  sind. 

These  apparently  contradictory  results  are  probably  to  be  explained 
on  the  basis  of  differences  not  in  the  quality  of  radiation  applied  but 
in  the  type  of  genetic  variation  found.  Germinal  variations  may  result 
from  gross  chromosomal  modifications  as  well  as  from  gene  mutation, 
and  in  the  polyploid  species  the  former  source  is  particularly  important. 
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On  a  priori  considerations  polyploidy  would  be  expected  to  decrease  the 
frequency  of  occurrence  of  variants  due  to  gene  mutation,  but  it  would 
be  expected  to  increase  the  frequency  of  those  resulting  from  various 
sorts  of  chromosomal  aberration. 

The  relation  of  polyploidy  to  both  sources  of  germinal  variation 
is  a  consequence  of  gene  reduplication  in  the  polyploid  genotype.  The 
chromosome  complement  of  the  polyploid  species  consists  of  two  or  more 
groups  of  chromosomes,  each  group  analogous  to  the  entire  chromosome 
complement  of  related  nonpolyploid  species.  Probably  the  genomes 
combined  are  never  wholly  identical,  but  in  general  they  must  be  identical 
in  a  considerable  proportion  of  the  genes  which  they  include.  This 
proportion  doubtless  will  differ  widely  in  different  polyploid  species, 
depending  on  differences  both  in  original  constitution  and  in  the  extent 
of  evolutionary  change  subsequent  to  the  establishment  of  the  polyploid. 
We  have  at  present  no  sound  basis  for  an  estimate  of  the  proportion  of 
genes  reduplicated  in  any  specific  instance. 

Now,  so  far  as  the  reduplicated  genes  are  concerned,  recessive  muta- 
tion of  a  gene  in  one  chromosome  group  will  in  general  be  masked  by  the 
unmutated  duplicate  gene  in  the  other.  Since  almost  all  of  the  radiation- 
induced  mutations  in  the  nonpolyploid  species  are  wholly  recessive,  this 
will  result  in  the  elimination  of  practically  all  detectable  mutation  of  the 
reduplicated  genes.  Mutation  of  those  genes  which  are  present  as 
dominants  in  only  one  of  the  chromosome  groups  of  the  polyploid  will 
be  readily  detectable.  Thus  the  polyploid  with  two  groups  of  chromo- 
somes, though  it  may  have  twice  as  many  genes  as  a  related  nonpolyploid 
species,  would  ordinarily  yield  a  smaller  number  of  detectable  mutations. 
In  the  polyploid  with  three  groups  of  chromosomes,  since  the  probability 
of  reduplication  of  any  given  gene  is  even  higher,  the  frequency  of 
detectable  mutations  should  be  still  lower.  In  the  comparison  of 
existing  species  it  is,  of  course,  impossible  to  compare  the  polyploid 
with  its  unchanged  parent  species,  or  to  make  accurate  allowance  for 
the  changes  which  have  occurred  in  the  polyploid  itself.  However, 
a  general  relation  of  the  type  described  may  be  expected  to  apply  in 
the  comparison  of  any  species  of  the  same  polyploid  series,  and  in  inter- 
preting the  results  of  irradiation  in  polyploid  species  it  must  be  assumed 
that  a  large  proportion  of  the  gene  changes  actually  induced  may  be 
phenotypically  undetectable. 

On  the  other  hand,  the  frequency  of  heritable  variations  due  to 
chromosomal  aberrations  is  increased  rather  than  decreased  in  polyploids. 
In  nonpolyploid  species  the  loss  of  a  part  of  the  chromosome  complement 
is  usually — perhaps  always — lethal  to  the  gametophyte.  Such  losses, 
or  deficiencies,  are  a  very  frequent  result  of  irradiation.  If  the  deficiency 
is  induced  in  a  mature  parental  germ  cell  or  in  somatic  cells  it  is  readily 
detectable,  and  in  many  instances  the  chromosomal  segment  affected 
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may  be  determined  both  genetically  and  cytologically.  Since  the 
deficiency  is  lethal  to  the  gametophyte,  deficient  gametes  are  not  pro- 
duced by  the  deficient  plant;  its  progeny  therefore  is  entirely  normal. 
Other  frequent  chromosomal  effects  of  irradiation  are  reciprocal  trans- 
location and  inversion.  While  these  chromosomal  rearrangements  do 
not  necessarily  involve  any  loss  of  chromosomal  material,  they  result 
in  the  production  of  gametophytes  characterized  by  deficiency  or  by 
both  deficiency  and  duplication.  The  deficient  gametophytes  are 
aborted  in  these  cases  also. 

But  in  the  polyploid  species,  since  the  gametophyte  has  more  than  a 
single  set  of  chromosomes  and  genes,  deficiency  is  not  regularly  lethal. 
The  loss  of  a  chromosome  segment  will  be  lethal  only  if  the  portion  lost 
contains  some  essential  gene  or  genes  which  are  not  duplicated  in  the 
other  chromosome  groups.  Other  losses  will  permit  gametophyte 
development  and  the  production  of  deficient  gametes.  These  deficiencies 
will  be  transmitted  and  any  phenotypic  effects  they  may  have  will 
therefore  be  heritable.  The  various  chromosomal  effects  of  irradiation, 
which  in  nonpolyploid  species  result  in  partial  sterility,  w^ill  now  con- 
stitute a  source  of  induced  germinal  variations,  resulting  not  from 
modified  genes  but  from  the  deficiency  or  duplication  of  specific  segments 
of  the  chromosomes.  Among  the  variations  of  this  class,  those  caused 
by  chromosomal  alterations  which  have  no  effect  on  the  transmission 
of  the  gametes  will  be  inherited  as  if  due  to  a  change  within  a  gene. 

The  results  of  the  experiments  with  polyploid  and  nonpolyploid 
species  of  Triticum  and  Avena  are  in  harmony  with  these  considerations. 
The  frequency  of  mutations  affecting  seedling  characters  was  deter- 
mined in  four  species  of  each  genus  (42).  In  the  species  with  7  pairs 
of  chromosomes  mutations  of  this  sort  were  frequent,  as  previously  found 
in  Hordeum  vulgare  which  also  has  7  pairs  of  chromosomes.  In  species 
with  14  pairs  of  chromosomes  such  mutations  were  much  less  frequent, 
and  in  species  with  21  pairs  of  chromosomes  they  were  extremely  rare. 
Using  the  same  species  of  Triticum,  Tascher  (see  46)  found  the  frequency 
of  partial  pollen  sterility  induced  by  X-ray  treatment  to  be  related 
similarly  to  chromosome  number.  An  X-ray  treatment  which  resulted  in 
partial  sterility  in  a  large  percentage  of  the  plants  treated  in  T.  mono- 
coccum  (7  pairs)  produced  partial  sterility  in  a  much  smaller  proportion 
of  the  treated  plants  of  T.  durum  (14  pairs)  and  in  very  few  cases  in  T. 
vulgare  (21  pairs).  Partial  sterility  induced  similarly  in  Zea  Mays  has 
been  found  to  be  due  chiefly  to  deficiency  and  translocation  (45).  Pre- 
sumably the  same  chromosomal  modifications  are  induced  in  the  Triticum 
species,  both  polyploid  and  nonpolyploid.  In  the  latter  the  deficient 
germ  cells  are  aborted ;  in  the  former  many  of  them  survive  and  transmit 
nonlethal  deficiencies  and  duplications  to  the  progeny.  The  very  low 
frequency  of  induced  partial  sterility  in  the  polyploid  species  indicates 
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that  a  surprisingly  large  proportion  of  the  induced  deficiencies  must  be 
viable. 

The  fact  that  induced  variations  inherited  as  typical  mendelian  char- 
acters are  found  in  common  wheat,  therefore,  is  not  proof  of  the  occur- 
rence of  gene  mutation  in  the  polyploid  species.  If  even  large  deficiencies 
fail  to  cause  pollen  abortion,  it  may  be  expected  that  among  the  minor 
deficiencies  and  duplications  some  will  have  no  appreciable  effect  on 
gametic  survival  and  will  thus  be  transmitted  as  mendelian  factors. 

The  phenotypic  effects  which  may  be  produced  by  such  chromosomal 
irregularities  are  not  limited  to  the  expression  of  genie  unbalance  result- 
ing from  the  loss  or  addition  of  genes  en  masse.  In  addition  to  these 
(which  may  themselves  be  indistinguishable  from  the  effects  of  changes  in 
individual  genes),  the  loss  of  a  chromosome  segment  in  a  polyploid  may, 
by  "uncovering"  a  specific  recessive,  lead  to  the  expression  of  a  known 
mutant  gene  apparently  not  present  in  the  stock  before  treatment.  For 
example,  in  wheat,  if  the  recessive  gene  a  ("awned")  is  present  in  two  of 
the  three  constituent  genomes,  but  the  corresponding  dominant  A 
(awnless)  is  homozygous  in  the  other  genome,  the  strain  will  be  a  true- 
breeding  awnless  wheat.  If  a  chromosome  segment  including  A  is  lost 
as  a  result  of  irradiation  and  the  deficiency  has  no  effect  on  viability,  the 
deficient  gametes  will  be  aa  and  the  nondeficient  gametes  aaA.  The 
genetic  effects  of  this  change  will  be  precisely  the  same  as  if  the  mutation 
had  been  a  change  from  A  to  a.  The  fact  that  gametes  deficient  for  an 
entire  chromosome  may  be  transmitted  through  both  male  and  female 
gametophytes  in  hexaploid  species  as  Avena  and  Triticum,  as  shown  by 
Kihara  (26),  Huskins  (24,  25),  and  Nishiyama  (33,  34),  makes  it  possible 
that  wholly  viable  sectional  deficiencies  may  be  common  in  the  progenies 
of  irradiated  plants  of  these  species.  Similarly  Clausen  and  Good- 
speed  (8)  and  Lammerts  (27)  have  shown  that  in  Nicotiana  Tabacum  and 
N.  rustica  gametes  lacking  an  entire  chromosome  may  be  transmitted,  at 
least  through  the  female  gametophyte. 

Goodspeed  (17)  has  emphasized  the  possible  chromosomal  basis  of 
apparent  mutations  induced  by  radiation  in  N.  Tabacum.  In  a  variant 
characterized  by  pink  flower  color,  which  behaved  genetically  as  if  due  to 
gene  mutation,  Goodspeed  (18,  19)  has  demonstrated  cytologically  the 
presence  of  attached  chromosome  fragments.  The  chromosomal  aberra- 
tions responsible  for  the  occurrence  of  these  fragments  may  have  been 
causally  connected  with  the  occurrence  of  the  germinal  variation. 

THE  PHYSICAL  NATURE  OF  TRANSMUTATION    BY  X-RAYS 

The  basic  problem  in  the  study  of  the  genetic  effects  of  irradiation  is 
the  physical  nature  of  the  changes  induced  in  the  genes  and  chromosomes. 
This  is  fundamental  not  only  to  problems  of  induced  mutation,  but  to  the 
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larger  problems  of  gene  structure  and  behavior  which  underlie  the  whole 
field  of  genetics.  How  does  the  chromosome  in  which  a  mutation  has 
been  induced  differ,  physically  or  chemically,  from  an  unaffected  sister 
chromosome,  and  how  has  this  difference  been  brought  about? 

The  conventional  picture  of  the  material  basis  of  germinal  variation  is 
a  simple  one.  Each  chromosome  includes  a  number  of  structurally 
distinct  elements,  the  genes,  each  of  which  plays  a  definite  role  in  the  life 
of  the  cell  and  may  thus  have  a  specific  effect  on  the  inherent  character- 
istics of  the  individual.  A  germinal  variation  may  be  brought  about  in 
either  of  two  ways :  (a)  by  a  change  in  the  constitution  of  a  specific  gene, 
and  (&)  by  the  addition  or  removal  of  one  or  more  chromosomes  or  chro- 
mosome fragments  containing  genes.  Changes  of  the  first  type  (muta- 
tions) are  considered  the  sole  source  of  qualitative  differentiation  of  the 
germ  stuff;  they  represent  the  replacement  of  old  genes  by  new  and  differ- 
ent genes.  Changes  of  the  second  type  (chromosomal  aberrations)  are  of 
various  types  and  may  involve  the  loss  or  addition  of  a  large  or  a  small 
number  of  genes.  They  are  not  directly  concerned  in  the  evolution  of  the 
gene,  but  in  many  instances  they  produce  phenotypic  variations  due  to 
change  in  the  proportions  of  genes.  Such  variations  are  heritable,  for 
they  are  transmitted  with  the  modified  chromosomes.  Various  types  of 
variation  due  to  chromosomal  aberrations  may  be  identified  by  char- 
acteristic peculiarities  of  genetic  behavior.  Various  environmental 
factors  have  been  found  to  influence  the  frequency  of  occurrence  of  certain 
types  of  chromosomal  aberration,  but  penetrating  radiation  was  the 
first  which  gave  convincing  evidence  of  an  effect  on  gene  mutation. 

If  the  appearance  of  a  new  mendelizing  variation  may  be  considered 
proof  of  the  origin  of  a  new  gene,  there  can  be  no  doubt  that  irradiation  of 
the  chromosomes  leads  to  the  production  of  new  genes.  But,  though  the 
occurrence  of  a  new  gene  may  cause  the  appearance  of  a  new  mendelizing 
variation,  it  is  evident  that  mendelizing  variations  may  occur  also  as  the 
result  of  other  germinal  changes.  Any  change  in  a  chromosome  which 
permits  cell  survival  and  normal  chromosome  distribution  will  be  trans- 
mitted in  the  same  way  as  a  new  gene.  We  have  seen  how,  in  polyploids, 
even  gross  chromosomal  aberrations  may  produce  variations  of  a 
mendelian  type.  Such  spurious  mutations  may  be  detected  by  cytological 
means,  and  in  organisms  very  well  known  genetically,  deficiencies  or 
duplications  too  small  for  cytological  detection  may  sometimes  be 
identified  by  genetic  tests.  But  no  plant  species  is  sufficiently  well 
known  genetically  to  permit  the  systematic  identification  of  deficiencies 
by  genetic  means.  The  Drosophila  evidence  shows  that  segmental  losses 
may  be  of  such  small  extent  that  the  class  of  recognizable  deficiencies 
may  overlap  the  class  of  apparent  mutations.  In  plants  it  is  only  on  the 
assumption  that  deficiencies  are  invariably  lethal  to  the  gametophyte 
that  it  is  possible  to  justify  the  description  of  viable  mendelian  variation."- 
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in  general  as  gene  mutations.     This  assumption  is  obviously  invalid  in 
the  polyploid  species,  and  is  of  doubtful  validity  in  other  species. 

Since  chromosomal  alterations  (particularly  small  deficiencies)  are 
known  to  simulate  gene  mutation  in  some  instances,  and  since  irradiation 
regularly  induces  chromosomal  alterations  (including  deficiencies),  there 
is  obvious  ground  for  the  suspicion  that  the  apparent  gene  mutations 
induced  by  irradiation  are  in  fact  due  to  extragenic  alterations.  Are  the 
apparent  mutations  merely  typical  chromosomal  aberrations  involving 
small  or  relatively  unimportant  portions  of  the  chromosomes,  which 
may  be  lost  or  reduplicated  without  lethal  effect?  Or  are  they  changes  of 
a  different  type  (whether  mechanical  or  chemical)  which  are  necessary 
consequences  or  antecedents  of  the  accompanying  chromosomal  aberra- 
tions? Or  are  the  mutations  wholly  unrelated  to  the  grosser  chromosomal 
modifications  except  in  the  circumstance  that  both  result  from  the  chain  of 
reactions  initiated  by  irradiation?  Whatever  their  relation  to  the 
induced  chromosomal  aberrations,  are  the  induced  mutations  representa- 
tive of  mutation  in  general,  or  only  of  some  limited  class  of  mutation? 
If  induced  variations  can  be  shown  to  include  qualitative  as  well  as 
quantitative  changes  in  chromosome  constitution,  may  the  mendelizing 
variations  as  a  group  be  assigned  to  the  class  of  qualitative  gene  altera- 
tions? Or  do  the  mendelizing  variations  include  both  intragenic  and 
extragenic  alterations? 

Questions  of  this  sort  are  the  chief  concern  of  current  genetic  investi- 
gations with  radiation.  None  of  the  questions  stated  above  can  be  given 
an  unequivocal  answer  from  the  evidence  now  available.  The  experi- 
ments on  mutation  in  Drosophila  (see  Paper  XXXIX)  have  yielded  more 
information  of  value  in  this  connection  than  have  the  comparable  experi- 
ments with  plants,  and  the  reader  is  referred  to  discussions  of  this 
evidence  by  Patterson  and  Muller  (35)  and  by  Muller  (32).  The  evi- 
dence from  plants,  bearing  on  the  nature  of  induced  mutation,  has  been 
discussed  by  Stadler  (46). 

The  evidence  from  plants  may  be  summarized  under  three  main 
heads:  (A)  evidence  indicating  types  of  mutation  not  affected  by  irradia- 
tion; (B)  evidence  relating  the  induced  mutations  to  the  induced  chro- 
mosomal aberrations;  and  (C)  genetic  and  cytological  evidence  bearing 
on  the  nature  of  specific  induced  mutations. 

A.  A  striking  characteristic  of  induced  mutation  in  nonpolyploid 
plants  is  the  extreme  rarity,  or  perhaps  total  absence,  of  dominant  muta- 
tion. This  is  in  contrast  to  the  experimental  results  in  Drosophila, 
in  which  induced  dominant  mutations  are  fairly  frequent.  However, 
most  of  these  dominant  mutations,  like  most  of  the  spontaneously  occur- 
ring dominant  mutations  in  Drosophila,  are  lethal  when  homozygous. 
Thus  they  correspond  in  genetic  behavior  to  gametophytic  lethals  in 
plants.     Numerous  induced  deficiencies  with  gametophytic  lethal  effect 
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have  been  found  in  plants,  and  some  of  these  have  phenotypic  effects  on 
the  sporophyte  when  heterozygous.  It  therefore  seems  probable  that 
the  absence  of  induced  dominant  mutations  in  plants  is  due  to  the  fact 
that  all  induced  dominant  variations  are  lethal  to  the  gametophyte. 

But  dominant  genes  of  regular  genetic  behavior  and  viability,  such  as 
the  genes  for  plant  colors  and  morphological  characteristics  which 
distinguish  agronomic  varieties,  although  sought  in  very  extensive  experi- 
ments with  plants,  have  never  been  found  to  occur  as  a  result  of  irradia- 
tion. On  the  contrary,  viable  mutations  of  mutant  genes  to  the  dominant 
wild  type  have  been  found  to  be  induced  with  appreciable  frequency  in 
Drosophila. 

Moreover,  recessive  mutation  of  various  genes  in  plants  also  seems  to 
be  independent  of  radiation.  The  effect  of  the  treatment  on  the  fre- 
quency of  mutation  of  a  specific  gene  cannot  be  determined  without 
information  on  the  natural  or  spontaneous  rate  of  mutation  of  the  gene 
concerned.  This  has  been  determined  for  seven  genes  affecting  endosperm 
characters  in  maize  (44,  46).  Radiation  experiments  indicate  that  only 
one  of  these  genes  is  appreciably  affected  in  mutation  rate  by  heavy 
treatment  with  X-rays.  Since  these  genes  are  an  unselected  sample, 
this  result  indicates  that  the  proportion  of  recessive  gene  mutations 
affected  by  radiation  may  be  small. 

B.  The  parallel  response  of  deficiencies  and  mutations  to  variations  of 
dosage  is  shown  by  the  experiments  of  Stadler  (41,  45a)  and  Goodsell  (15). 
The  frequency  of  mutation  increases  as  a  linear  function  of  the  total 
intensity  of  radiation  applied;  that  of  deficiencies  producing  mosaic 
endosperm  varies  in  the  same  way  with  the  radiation  intensity.  Wide 
variations  of  temperature  during  irradiation  are  without  effect  on  the 
frequency  of  induced  mutation,  and  this  is  true  also  for  endosperm 
deficiencies. 

A  more  striking  parallel  is  the  similar  reaction  of  the  two  types  of 
genetic  variation  to  metabolic  activity  of  the  cells  irradiated.  Mutation 
is  induced  by  irradiation  of  wholly  dormant  tissue,  but  the  frequency  of 
mutation  per  unit  of  radiation  intensity  is  much  lower  than  in  active 
tissue  (43).  The  chromosomal  aberrations  resulting  in  partial  steriUty 
also  occur  in  cells  irradiated  while  dormant,  and  their  frequency  also  is 
greatly  reduced,  approximately  in  the  same  proportion  as  that  of  muta- 
tion (46). 

It  is  interesting  to  note  also  that  mutations  similar  to  those  induced 
by  irradiation  seem  to  occur  in  connection  with  chromosomal  aberrations 
due  to  other  causes.  Sprague  (37)  has  found  that  exposure  of  the  maize 
ear  shortly  after  fertilization  to  the  effects  of  an  electromagnetic  field 
results  in  the  occurrence  of  endosperm  mosaics  and  other  chromosomal 
disturbances.  In  the  progeny  of  plants  from  seeds  given  this  treatment  a 
few  .seedling  mutations  were  found.  Beadle  (3)  has  described  a  strain 
of  maize  characterized  by  high  frequency  of  translocation  and  other 
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chromosomal  irregularities.  Several  seedling  mutations  were  found  also 
in  this  strain. 

There  is  no  evidence  in  plants  of  a  direct  connection  between  mutation 
and  chromosomal  rearrangement.  In  Drosophila,  on  the  contrary,  almost 
all  translocations  are  lethal  when  homozygous,  a  fact  accounted  for  by 
the  assumption  of  lethal  mutation  at  the  point  of  breakage  of  the  chromo- 
some. In  some  instances  viable  mutations  are  found  at  or  near  a  point  of 
chromosome  breakage.  In  maize,  although  both  translocations  and 
viable  mutations  are  induced  by  irradiation,  the  evidence  thus  far 
available  does  not  show  any  tendency  of  variations  of  the  two  types  to 
occur  in  the  same  individual  more  often  than  would  be  expected  by 
chance  coincidence.  Furthermore,  the  rather  scanty  evidence  available 
indicates  that  lethal  mutations  do  not  commonly  occur  at  the  points  of 
translocation  in  maize.  This  may  be  a  consequence  of  gene  duplication 
connected  with  the  possible  polyploid  origin  in  maize  (46)  and  may  not  be 
true  of  nonpolyploid  species. 

C.  The  direct  study  of  specific  mutations  to  determine  whether  they 
result  from  intragenic  or  extragenic  changes  involves  many  difficulties. 
If  the  mutation  is  due  to  a  change  in  the  constitution  of  the  individual 
gene,  it  is  hopeless  with  present  technique  to  attempt  to  demonstrate  a 
morphological  or  chemical  difference  in  the  region  of  the  chromosome 
involved.  The  attempt  to  support  this  hypothesis,  therefore,  takes  the 
form  of  demonstration  that  the  mutant  gene  behaves  in  a  manner  incon- 
sistent with  a  mechanical  explanation. 

The  evidence  from  reverse  mutation  is  most  plausibly  interpreted 
by  the  assumption  that  the  induced  mutations  are  intragenic.  In  addi- 
tion to  the  evidence  of  induced  reverse  mutation  in  Drosophila,  submitted 
by  Patterson  and  Muller  (35)  and  Timofeeflf-Ressovsky  (52),  there  is 
similar  evidence  of  induced  reverse  mutation  in  plants  in  the  studies  of 
Horlacher  and  Killough  (23). 

On  the  other  hand,  if  the  apparent  mutation  is  due  to  a  nonlethal 
deficiency  or  duplication,  it  may  be  possible  in  exceptionally  favorable 
instances  to  demonstrate  cytologically  the  change  in  the  chromosome. 
Though  this  would  be  impossible  in  the  condensed  chromosome  (unless 
the  chromosome  region  involved  were  astonishingly  large),  it  might  be 
possible  in  a  thin-strand  stage  of  the  meiotic  prophase,  when  the  modified 
and  the  unmodified  chromosomes  are  synapsed.  The  technique  for  the 
study  of  the  maize  chromosomes  in  the  prophase  of  meiosis,  developed  by 
McClintock  (29),  permits  the  cytological  identification  of  small  structural 
alterations  with  a  precision  far  beyond  that  possible  in  studies  of  the 
condensed  chromosomes. 

Cytological  evidence  recently  secured  shows  that  viable  deficiencies 
are  responsible  for  some  of  the  apparent  mutations  induced  by  X-rays  in 
maize.  Typical  deficiencies,  as  previously  stated,  are  eliminated  as 
lethals  in  the  haploid  gametophyte  generation,  while  typical  mutations 
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are  fully  viable  in  the  gametophyte  and  thus  are  transmitted  in  full 
proportion  to  the  next  sporophyte  generation.  If  the  mutations  are  due 
to  deficiencies  which  are  without  injurious  effect  in  the  haploid  generation, 
there  should  also  be  intermediate  variations  due  to  deficiencies  which 
though  not  lethal  are  still  not  fully  viable.  Among  these  there  might  be 
losses  large  enough  to  permit  cytological  identification.  Stadler  (47)  has 
reported  that  there  are  many  such  intermediate  variations,  and  several 
of  these  show  the  loss  of  chromosome  segments  long  enough  for  cyto- 
logical detection.  For  example,  in  one  case  described  in  detail,  an  appar- 
ent recessive  mutation  of  the  gene  R"  was  shown  to  be  due  to  the  loss  of  a 
chromosome  segment  including  the  locus  of  this  gene.  The  deficiency 
in  this  case  is  transmitted  with  reduced  viability  by  female  gametophytes 
but  is  not  transmitted  by  male  gametophytes.  In  an  induced  recessive 
mutation  of  the  gene  Yg2,  viable  in  both  male  and  female  gametophytes, 
Creighton  (9)  has  shown  that  a  small  deficiency  occurred  which  reduced 
the  size  of  a  "knob"  known  to  be  located  very  close  to  the  locus  of  the 
gene  Yg^.  No  deficiency  could  be  seen  in  the  chromonema,  and  evidence 
from  other  cases  showed  that  the  locus  of  the  gene  is  not  within  the  knob. 
The  presumption  is  that  the  deficiency  included  the  locus  of  Ygi  and  a 
part  of  the  knob,  but  that  the  section  of  chromonema  lost  is  too  short  for 
cytological  detection. 

The  question  of  the  physical  nature  of  induced  mutation  has  not  yet 
received  a  satisfactory  answer.  It  is  clear  that  many  of  the  variations 
identified  by  their  genetic  behavior  as  gene  mutations  are  due  to  mechani- 
cal alterations  analogous  to  the  grosser  chromosomal  aberrations.  But 
no  mechanical  explanation  of  reversible  mutations  has  thus  far  been 
found,  and  the  most  plausible  assumption  is  that  these  mutations  are 
intragenic.  Possibly  germinal  alterations  of  both  types  are  included 
among  the  induced  mutations;  possibly  mechanical  alterations  not  yet 
understood  are  responsible  for  the  reversible  variations.  This  question 
must  be  left  for  future  investigation. 
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XLI 
INDUCED  CHROMOSOMAL  ALTERATIONS 

T.    H.    GOODSPEED 

During  the  past  six  years  evidence  has  accumulated  to  indicate  the 
cytogenetic  significance  of  the  alterations  which  chromosomes  of  plant 
and  animal  species  have  long  been  known  to  undergo  as  a  result  of  treat- 
ment with  high-frequency  radiation.  Before  this  period  the  extent  of 
occurrence  of  quantitative  chromosomal  alterations  under  natural 
conditions  had  not  been  emphasized  nor,  in  particular,  had  their  possible 
significance  in  the  origin  of  mutational  processes  been  fully  appreciated. 
It  is  now  recognized  that  such  chromosomal  changes  induced  in  plants  by 
high-frequency  radiation  differ  in  frequency  of  occurrence  rather  than  in 
kind  from  those  found  in  nature.  It  is,  therefore,  possible  to  discuss 
them  in  terms  of  such  classifications  of  chromosomal  alterations  as  those 
of  Bridges  (8)  or  Belling  (1).  Thus,  induced  chromosomal  changes  may 
involve  portions  of  chromosomes,  whole  chromosomes,  or  chromosome 
sets,  and  within  these  subdivisions  examples  under  most  of  the  specific 
categories  recognized  as  occurring  under  natural  conditions  have  been 
induced  by  high-frequency  radiation.  Thus  instances  of  polyploidy  and 
haploidy  which  involve  alterations  in  sets  of  chromosomes  have  also 
occurred  in  radiation  work.  Similarly,  the  occurrence  of  polysomics, 
monosomies,  fragment  chromosomes,  and  compound  chromosomes  is 
not  an  infrequent  effect  upon  whole  chromosomes.  Finally,  the  cate- 
gories of  alteration  having  to  do  with  sections  of  chromosomes  and  involv- 
ing chromosomal  interchanges — translocation  (simple  and  reciprocal) — 
deficiency,  deletion,  inversion,  and  duplication  are  products  of  treatment 
with  high-frequency  radiation. 

Although  the  majority  of  these  various  types  of  chromosomal  altera- 
tions in  plants  are  primary  products  of  the  treatment,  their  occurrence  is 
also  to  be  assigned  to  secondary  effects  of  initially  induced  chromosomal 
alteration.  The  accompanying  chart  (Fig.  1)  indicates  the  relationship 
between  primary  and  secondary  effects  of  high-frequency  radiation  and 
the  interrelations  between  them  in  the  production  of  cytogenetic  types. 
Thus,  irradiation  may  lead  directly  to  extensive  nuclear  disruption  or  to 
lethality,  the  latter  being  obtained  secondarily  via  extensive  nuclear 
disruption,  via  initially  induced  gene  mutation,  or  via  chromosomal 
reorganizations  which  are  the  direct  products  of  treatment  or  occur  as 
consequences  of  the  monosomic  or  polysomic  condition.     Aneuploidy 
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may,  as  indicated,  be  directly  induced  or  may  arise  as  a  result  of  gene 
mutation  (asynapsis)  or  as  a  by-product  of  chromosomal  reorganization, 
while  monosomy  and  polysomy  may  themselves  give  triploidy.  The 
dotted  lines  indicate  that  polyploidy  and  extreme  nuclear  disruption 
may  possibly  be  secondary  products  of  induced  gene  mutation.  Thus, 
Stein  (456,  466,  47)  interprets  her  "phytocarcinome  complex,"  which  is 
characterized  by  these  effects,  as  due  to  an  induced  mutation.  Chro- 
mosomal reorganizations  are  indicated  as  the  direct  consequences  of 
irradiation  and  may  give  rise  in  subsequent  generations  to  haploidy, 
triploidy,  and  tetraploidy.     In  addition  they  are  shown  as  a  mode  of 

origin  of  gene  mutations,  a  significant 
type  of  effect  from  the  point  of  view 
of  the  origin  of  mutation. 

In  this  connection  the  results  of 
Stubbe  (48)  are  significant.  Using 
mature  pollen  of  Antirrhinum  majus, 
he  compared  mutation  frequency 
after  treatment  with  grenz  (supersoft) 
rays  and  longer  and  shorter  X-rays, 
the  dosage  in  each  case  increasing 
in  geometrical  progression.  That  the 
curves  obtained  from  the  three 
treatments  are  directly  comparable 
is  interesting  in  other  connections, 
but  their  present  significance  lies  in 
their  consistent  and  decided  fall  from 
a  rapidly  attained  peak,  followed  by 
their  rise.  As  to  the  nature  of  the 
mutations  themselves,  those  responsible  for  the  initial  rise  in  the 
curve  were  similar  or  equivalent  to  those  which  had  been  observed 
in  Antirrhinum  under  natural  conditions.  Stubbe's  results  may  be 
interpreted  as  indicating  that  a  series  of  qualitative  (intragenic, 
chemical)  changes  were  initially  induced,  followed  by  quantitative 
(extragenic,  chromosomal)  alterations  productive  of  lethality  and 
giving  by-products  of  such  extragenic  alteration  which  behaved 
genetically  as  did  the  gene  mutations  first  produced.  Although  Stubbe 
assigns  all  the  mutations,  which  were  identified  without  cytological  study, 
to  induced  transgenation  ("labile"  vs.  "stable"  gene  mutations),  he 
recognizes  that  quantitative  chromosomal  alteration  may,  in  part  at  least, 
have  been  responsible  for  their  occurrence. 

That  structural  alterations  in  plant  chromosomes  are  readily  induced 
by  high-frequency  radiation  has  long  been  recognized  and  the  alterations 
themselves  have  been  frequently  described  (cf.  Koernicke,  24;  Levine,  25; 
Pekarek,  35;  Timcf^eff-Ressovsky,  49).     Chromosomal  "fragmentation" 


Fig.  l.^Chart  illustrating  primary 
and  secondary  effects  of  high-frequency 
radiation  in  inducing  chromosomal  altera- 
tions in  plants. 
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and  "clumping"  are  the  most  conspicuous  effects.  Complete  "clump- 
ing" or  fusion  of  nuclear  constituents  appears  to  be  the  ultimate  product 
of  a  change  in  chemical  composition  of  chromatin  which  originates  either 
in  general  alterations  in  protoplasmic  equilibria  or  in  direct  disruption 
of  the  nucleoplasm  itself.  Mature  chromosomes  share  in  this  "clump- 
ing" effect  which,  when  less  severe,  is  apparently  expressed  in  a  tendency 
to  what  has  been  called  "stickiness"  and  which  produces  temporary 
or  more  permanent  unions  between  chromosomes  in  mitotic  or  meiotic 
stages. 

In  appearance,  the  cytoplasm  has  usually  been  described  as  showing 
little  effect  of  high-frequency  radiation.  However,  aberrations  in 
formation  and  functioning  of  the  achromatic  figure  are  frequently 
reported  and  the  familiar  evidence  that  a  certain  period  usually  intervenes 
between  irradiation  and  the  production  of  visible  induced  nuclear  effects, 
obviously  suggests  that  the  protoplast  as  a  whole  is  concerned.^  In 
this  connection,  a  comparative  study  of  the  disposition  and  character 
of  the  nonvolatile  mineral  constituents  of  the  cell  (cf.  Scott,  38;  Good- 
speed,  unpublished)  in  irradiated  and  normal  tissues  after  microin- 
cineration may  possibly  throw  light  on  the  extent  and  character  of 
induced  cytoplasmic  vs.  nuclear  changes. 

Recent  investigations  of  effects  of  irradiation  on  nuclear  structure 
deserve  more  attention  because  they  not  only  give  more  definition  to 
types  of  alteration  previously  described  but  in  addition  emphasize  the 
genetic  as  well  as  the  cytological  significance  of  what  is  observed.  In 
particular,  it  is  being  shown  that  the  less  obvious  effects  may  be  of  greater 
genetic  and  evolutionary  importance  than  the  more  complete  and  strik- 
ing disruptions  already  known.  Clearly,  however,  the  former  originate 
in  the  same  types  of  disturbances  of  cellular  equilibria  as  do  the  more 
obvious  ones;  indeed  they  represent  intermediate  products  of  processes 
culminating  in  nuclear  disruption  and  lethality  (cf.  Fig.  1).  Thus, 
fragmentation  and  fusion,  long  recognized  as  major  cytological  effects 
of  irradiation,  become  primary  agents  in  genetically  significant  chromo- 
somal reorganization,  when  the  processes  involved  in  their  production 
are  not  carried  to  their  extreme  and  lethal  expression. 

That  chromosomal  fragmentation  is  the  most  frequent  and  initially 
important  product  of  irradiation  is  commented  upon  by  Lewitsky  and 
Araratian  (26).  In  Secale  cereale,  Vicia  saliva,  and  Crepis  capillaris, 
roots  of  seedlings  X-rayed  when  one  to  two  days  old  and  fixed  two  days 
later  showed  many  mitoses  containing  chromosomal  alterations.  In 
the  fragmentation  observed,  the  breakage  usually  occurred  at  any  point 
distal  to  the  insertion  region.     In  Crepis  it  occurred  at  the  insertion 

'  The  relation  between  cytoplasmic  energization,  as  expressed  in  anaphasic  stresses, 
and  the  appearance  of  nuclear  alterations  has  elsewhere  been  discussed  (Goodspeed, 
12). 
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region  in  4  out  of  20  cases,  thus  indicating  that  this  is  a  point  of  weakness. 
The  immediate  origin  of  fragments  was  observed,  in  that,  frequently, 
detached  chromosome  segments  lay  close  together,  indicating  their 
recent  derivation  from  the  normal  unit.  That  fragments  lacking  an 
insertion  region  are  not  propagated  through  a  series  of  mitoses  was 
indicated  (a)  by  the  complete  absence  of  certain  specific  chromosome 
segments  and  (6)  by  the  absence  of  "undifferentiated"  fragments  in 
mitoses  observed  a  month  after  irradiation.  Some  fragments  apparently 
possessed  newly  formed  constrictions,  but  as  these  were  not  known  to 

represent  points  of  functional  fiber 

-  *^  /(-^  \      attachments,  no  final  evidence  as 

•  ^  ^^  *  /    ^^^Rr-1       \    to    the    possibility    of    a    de  novo 

origin  of  an  insertion  region  was 
V^'t^^^aT^^    /   provided.     In     addition    to    frag- 
mentation, the  shortened  condition 
of  one  chromosome  and  the  elong- 
„     „     ^,  ,  ,.  "~~Xir„ „„,    ation    of    another,    in    Vicia    and 

Fig.  2. — Chromosomal  disruption  appear-  ' 

ing  in  first  meiotic  anaphase  of  PMC  of  Crepis,  was  interpreted  in  terms  of 

Nicotiana    Tabacum    var.    purpurea     48    hr.    translocation.       The    "association" 
after   heavy   X-radiation.      (a)    Photomicro- 
graph;   (6)    camera   lucida  drawing   of   same    of       twO       chromOSOmeS      and      the 

^  translocation    of    fragments    from 

two  chromosomes  to  a  third  were  also  reported.  Yamamoto  (50)  has 
also  figured  fragmentation  and  fusion  of  chromosomes  in  PMC 
(PMC  =  pollen  mother  cells,  EMC  =  embryo  sac  mother  cells)  of 
Rumex  acetosa  following  X-radiation. 

One  of  the  most  significant  recent  descriptions  of  the  character  of 
induced  chromosomal  alterations  in  plants  is  that  of  Navashin  (32), 
who  examined  mitoses. in  root  tips  of  young  plants  of  Crepis  tectorum 
grown  from  soaked  seeds  subjected  to  X-radiation.  In  this  unusually 
favorable  cytological  material  it  was  possible  to  determine  the  extent 
and  character  of  the  chromosomal  reorganizations  produced.  Fragmen- 
tation was  often  followed  by  fusion  of  detached  chromosome  segments. 
Frequently  chromosome  fragments  possessing  "kinetic  constrictions" 
were  conspicuous  features,  a  bisatellited  fragment  formed  by  the  fusion 
of  satellited  fragments  of  two  chromosomes  being  especially  striking. 
Increases  in  chromosome  length  and  changes  in  chromosome  form 
could  be  specifically  related  to  the  fusion  of  "distal  fragments"  which 
lacked  insertion  regions  with  other  chromosomes  which  possessed  them. 
Navashin  (33,  34)  has,  also,  reported  the  finding  of  similar  alterations 
in  roots  of  plants  grown  from  aged  seed. 

In  Nicotiana  Tabacum,  heavy  X-ray  or  radium  treatment  of  sex  cells, 
seeds,  or  the  growing  points  of  seedlings  produces  an  extreme  degree 
of  fragmentation  (Fig.  2)  and  a  certain  amount  of  fusion,  accompanied 
by  aberrations  in  the  spindle  mechanism.     The  cytological  evidence 
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shows  such  extreme  and  apparently  complete  disruption  of  chromosomal 
mechanisms  in  mitosis  and  meiosis  that  gametic  or  zygotic  lethality 
leading  to  complete  sterility  might  be  anticipated.  This  was,  in  general, 
the  result  obtained,  but  in  some  cases  a  small  amount  of  seed  was  pro- 
duced, giving  progenies  which  in  external  morphology,  genetic  behavior, 
and  chromosomal  constitution  (Goodspeed,  136)  showed  the  extent 
to  which  nuclear  alteration  in  this  species  can  go  without  consequent 
inviability.  Thus,  in  one  instance  in  which  the  chromosomes  of  PMC 
were  seen  to  have  been  very  severely  disrupted  following  heavy  X-ray 


Fig.  4. — Flowers  of  A'.  Tabacum  var.  purpurea,  (a)  Control,  (6),  (c),  and  (d),  types 
obtained  in  third  generation  after  X-radiation  from  a  "normal"  in  the  first  generation 
progeny,  the  extent  of  variation  in  which  is  shown  in  Fig.  3. 


dosage  (Fig.  2),  a  small  set  of  viable  seed  was  obtained  on  self-pollination 
and  in  a  progeny  of  48  plants  grown  from  it  (Table  1,  fourth  case),  only 
two  approximated  the  control  while  many  showed  extreme  variations 
in  all  vegetative  and  floral  characters.  Figure  3  gives  evidence  of  the 
alterations  in  flower  size,  form,  and  color,  which  occurred.  A  progeny 
grown  from  one  of  the  two  plants  apparently  normal  in  external  mor- 
phology again  showed  a  large  range  of  variants  and  from  certain  of  these 
it  has  been  possible  to  establish  distinct  derivative  types  (Fig.  46,  c). 
In  other  plant  species,  also,  a  similar  amount  of  variation  following 
irradiation  has  been  observed  and  undoubtedly  is  in  large  part  a  reflection 
of  various  sorts  of  induced  chromosomal  alteration  (cf.  Lindstrom,  28; 
McKay  and  Goodspeed,  31;  Horlacher  and  Killough,  22). 
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Table  1  contains  some,  largely  unpublished,  results  indicating  the 
extent  of  variation  in  Xi^  induced  in  N.  Tabacum.  The  cytological  and 
genetic  evidence  available  indicates  that  the  majority  of  the  striking 
variations  from  control  in  external  morphology  were  the  reflections  of 
induced  chromosomal  alterations  of  the  types  referred  to.  In  other 
words,  the  data  submitted  in  this  table  illustrate  the  frequency  of  induced 
chromosomal  alteration  in  this  species. 

Table  1. — Variation  in  the  First  Generation  from  X-radiation  of  Sex  Cells. 

Seeds,  and  Seedlings  of  Nicotiana  Tabacum  var.  purpurea 

Dosage  in  each  case  50  kv.  and  5  ma.  at  30  cm.,  no  filter 


Tissue 

Age,  condition 

Exposure, 
min. 

Variant 

Normal 

Total 

Vari- 
ant, 
per  cent 

EMC 

36  hr.  before  anthesis 

45 

11 

92 

103 

11 

EMC 

1-2  hr.  before  anthesis 

45 

75 

67 

142 

53 

EMC 

1  day  after  anthesis 

45 

6 

88 

94 

6 

Zygote 

2  days  after  anthesis 

45 

46 

2 

48 

90 

Zygote 

5  days  after  anthesis 

45 

35 

14 

49 

70 

Zygote 

7  days  after  anthesis 

45 

13 

13 

100 

Total 

186 

263 

449 

41 

Mature  pollen 

Complete  pollination 

30 

8 

138 

146 

6 

Mature  pollen 

Complete  pollination 

45 

45 

104 

149 

30 

Mature  pollen 

Controlled  pollination 

45 

93 

42 

135 

70 

Total 

146 
13 

284 
83 

430 
96 

34 

Seeds 

Dry 

45 

13 

Seeds 

Dry 

75 

44 

99 

143 

31 

Seeds 

Dry 

110 

30 

62 

92 

33 

Seeds 

Dry 

180 

17 

29 

46 

37 

Total 

104 
40 

273 
106 

377 
146 

28 

Seeds 

Soaked 

10-20 

28 

Seeds 

Soaked 

25-30 

41 

110 

151 

27 

Seeds 

Soaked 

4^60 

42 

126 

168 

25 

Seeds 

Soaked 

100 

34 

62 

96 

35 

Seeds 

Soaked 

120 

22 

.    .    . 

22 

100 

Total 

179 
10 

404 
42 

583 

52 

31 

Seedlings 

18  days  old 

25 

20 

Seedlings 

20  days  old 

10 

23 

70 

93 

25 

Seedlings 

20  days  old 

20 

23 

53 

76 

30 

Seedlings 

20  days  old 

30 

18 

47 

65 

28 

Seedlings 

26  days  old 

30 

70 

27 

97 

72 

Total 

144 
759 

239 
1463 

383 
2222 

38 

Total  for  all  tis 

sues,  conditions,  and  ex 



posures .... 

34 

Doubtless  the  extent  to  which  chromosomal  alteration  can  occur 
in  Nicotiana  Tabacum  without  lethality,  as  shown  in  Table  1  and  as 
indicated  by  extensive  cytogenetic  evidence,  is  in  part  a  product  of  its 

^  The  designations  Xi,  X2,  etc.,  and  Ri,  R2,  etc.,  refer  to  the  successive  generations 
derived  from  X-ray  or  radium  treatment  of  reproductive  or  meristematic  tissues. 
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polyploid  origin — a  type  of  origin  undoubtedly  characteristic  of  many 
angiosperms.  Stadler  (40a,  44)  has  discussed  the  relation  of  polyploidy 
to  mutation  and  points  out  the  apparent  reduction  in  induced-mutation 
frequency  and  in  the  frequency  of  induced  partial  sterility  with  an 
increasing  degree  of  polyploidy  in  Triticum.  On  the  other  hand,  just  as 
in  A^.  Tahaciim,  the  polyploid  character  of  T.  vulgare  permits  the  produc- 
tion of  a  large  number  of  chromosomal  mutants  in  the  first  generation 
following  irradiation  (Sapehin,  37).  In  the  same  generation  many 
such  types  are  produced  in  Datura  following  radium  treatment.  Thus, 
of  400  plants,  196  were  distinctly  abnormal  in  external  morphology 
(Blakeslee,  et  al.,  6).  While  all  the  variants  listed  in  Table  1  are  taken  to 
be  reflections  of  induced  chromosomal  abnormalities,  the  total  number 
of  such  alterations  in  the  progenies  listed  is  greater  since  plants  normal 
in  external  morphology  may,  also,  possess  quantitative  changes  in  the 
chromosome  complement  (cf.  Bergner,  Satina,  and  Blakeslee,  2). 

In  what  follows,  additional  evidence  as  to  induced  chromosomal 
alterations  in  plants  is  reviewed  in  terms  of  the  categories  referred  to 
above  (page  1281). 

In  Nicotiana,  2  tetraploids,  3  triploids,  and  11  haploids  have  appeared 
in  progenies  derived  from  X-radiation  or  radium  treatment  of  seeds, 
the  growing  points  of  seedlings,  or  sex  cells.  Two  haploids,  one  of 
Tabacum  var.  purpurea  from  X-raying  of  embryos  and  of  one  of  glutinosa 
(cf.  Goodspeed  and  Avery,  17)  from  X-raying  of  seeds,  occurred  in  X^, 
while  the  remainder  were  found  in  later  generations.  Two  haploids  of 
glutinosa  appeared  in  Xz  from  partially  fertile,  variant  X-i  plants.  Of  6 
other  Tabacum  var.  purpurea  haploids,  2  which  occurred  in  Xz  and  Xi  did 
not  differ  significantly  from  control  haploids,  while  4  appeared  in  Xz  to 
Xe  progenies  of  stable  derivative  types  and  exhibited  their  morphological 
distinctions  from  control.  A  haploid  plant  was,  also,  found  in  an  A^n 
progeny  of  A'^.  Tabacum  var.  Connecticut  Broadleaf.  The  occurrence  of 
none  of  these  haploids,  and  certainly  not  those  which  appeared  in  X\ 
after  irradiation  of  embryos  or  seeds,  can  be  assigned  directly  to  effects  of 
irradiation.  In  generations  after  Xi  it  does,  however,  appear  probable 
that  secondary  effects  of  treatment  have  played  a  part  in  the  production 
of  such  an  apparently  high  percentage  of  haploid  plants.  Thus,  the 
presence  of  a  considerable  to  a  high  degree  of  pollen  sterility  in  the 
derivative  lines  may  be  related  to  parthenogenetic  development  of 
unfertilized  eggs  under  the  stimulus  of  pollen-tube  growth  and  a  certain 
proportion  of  successful  fertilizations.  An  analogous  explanation  is 
given  for  the  origin  of  haploid  plants  in  Fi  interspecific  hybrids.^ 

^  In  N.  glutinosa  the  only  haploids  known  have  appeared  in  the  progenies  above 
referred  to.  Stadler  (43)  found  a  somewhat  similar  situation  in  maize,  where  haploids 
occurred  in  cultures  of  irradiated  plants  where  before  they  had  not  been  found  in 
untreated  lines,  but  he  is  likewise  doubtful  as  to  the  relation  of  their  occurrence  to 
treatment. 
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In  ^•ariolls  races  derived  from  X-radiation  of  Tabacum  var.  purpurea 
there  is  evidence  of  occurrence  of  a  considerable  number  of  triploid  plants, 
but  only  three  of  them  have  been  checked  cytologically.  They  doubtless 
owe  their  origin  to  the  chromosomally  unbalanced  condition  of  the 
parent  plants,  such  unbalance  being  known  to  favor  the  formation  of 
somatic  gametes.  Two  of  the  recognized  triploids  appeared  in  progenies 
of  "deformed"  (cf.  Goodspeed  and  Avery,  19),  in  which  it  was  found 
that  abnormal  meiotic  behavior  resulting  from  induced  chromosomal 
alteration  gave  rise  to  such  gametes.  The  third,  apparently,  came 
from  an  induced  trisomic  (Goodspeed,  13a).  A  vigorous  basal  lateral 
of  a  highly  abnormal,  small,  weak  Xi  plant  of  Tabacum  var.  Maryland 
Mammoth  proved  to  be  tetraploid  (Goodspeed,  13a)  and,  thus,  had 
its  origin  in  a  tetraploid  cell  lineage  in  that  sector  of  the  stem  from 
which  the  shoot  arose.  Stein  (45,  et  seq.)  has  shown  that  polyploid 
nuclei  are  found  in  all  tissues  of  Antirrhinum  plants  possessing  the 
induced,  genotypically  determined  "phytocarcinome  complex"  and 
also  in  certain  cell  layers  of  chimeral  plants  obtained  by  radium  treatment 
of  seed.  The  tetraploid  shoot,  above  referred  to,  doubtless  was  a  by- 
product of  treatment  through  the  effects  on  somatogenesis  of  the  chro- 
mosomal alterations  initially  induced,  since  such  shoots  have  not  been 
reported  as  occurring  on  untreated  plants.  However,  tetraploid  cells 
and  sectors  are  to  be  found  not  infrequently  in  root  tips  of  untreated 
Nicotiana  species  and  probably  they  occur  in  the  stem  also.  Again, 
a  tetraploid  branch  on  a  normal  plant  would  readily  escape  detection, 
whereas  in  this  case  it  was  conspicuous  because  of  its  greater  vigor  as 
compared  with  other  branches  of  the  weak,  variant  plant.  A  second 
tetraploid  occurred  in  an  Xh  culture  of  A^.  sylvestris,  from  the  cross  of  a 
plant  heterozygous  for  a  recessive  "bunchy"  type  with  the  dominant 
control.  That  this  tetraploid  arose  from  a  suspended  early  zygote 
mitosis  rather  than  through  union  of  somatic  gametes  was  shown  by  the 
fact  that  the  progeny  exhibited  the  tetraploid  segregation  ratio  for 
"bunchy" — one  tetraploid  "bunchy"  in  36  plants.  The  occurrence 
of  this  sylvestris  tetraploid  is  thus  not  to  be  related  to  primary  or 
secondary  effects  of  irradiation.  Stadler  (43)  reports  no  tetraploids  in 
1000  plants,  or  600  selfed  progenies,  of  maize.  Randolph  (36),  on  the 
other  hand,  has  secured  a  large  number  of  polyploids  by  heat  treatment 
of  zygotes  and  proembryos  of  maize. 

The  available  evidence,  just  described,  indicates  that  irradiation  in 
its  primary  effects  is  not  a  source  of  the  haploid  or  polyploid  condition 
in  higher  plants.  On  the  other  hand,  secondary  effects  based  upon  initial 
chromosomal  alterations  may  be  expected  to  induce  production  of 
somatic  gametes,  tetraploidy,  and  possibly  also  the  proliferation  of  the 
egg  to  give  haploidy. 

It  is  clear  that  high-frequency  radiations,  through  their  primary  or 
secondary  effects,  increase  the  normal  incidence  of  both  nonconjunction 
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and  nondisjunction,  the  sources  of  polysomics  and  monosomies.  After 
heavy  dosages,  complex  chromosomal  reorganizations,  in  Nicotiana 
Tabacum  at  least,  often  accompany  these  processes  so  that  their  results 
cannot  be  recognized.  On  the  other  hand,  to  them  may  be  ascribed  a 
larger  role  than  they  actually  play.  Thus,  Mavor  (29),  in  Drosophila, 
assigned  all  exceptional  offspring  of  X-rayed  females  to  nondisjunction 
of  the  X-chromosome,  whereas  other  factors  were  undoubtedly  responsible 
for  certain  of  the  eliminations  of  this  chromosome.  Again,  the  plants 
of  the  Xi  N.  Tabacum  progeny,  above  referred  to  (page  1286,  Fig.  3),  and 
90  per  cent  of  which  were  strikingly  altered  in  external  morphology  in 
contrast  to  control,  possessed  chromosome  complements  so  thoroughly 
disrupted  and  reorganized  that  the  effects  of  nondisjunction  or  non- 
conjunction  could  not  be  followed.  In  other  cases,  however,  simple 
monosomic  or  trisomic  individuals  were  found  in  Xi  cultures.  Some 
appeared  as  the  only  variants  in  progenies  otherwise  equivalent  to  control, 
while  others  occurred  along  with  a  considerable  proportion  of  altered 
sister  plants.  It  is  to  be  noted  that  in  N.  Tabacum,  monosomies  and 
trisomies  in  Xi  have  followed  X-ray  or  radium  treatment  not  only  of 
buds  in  meiotie  stages  but  also  of  mature  pollen  and  dry  or  soaked 
seeds. 

Gager  and  Blakeslee  (10)  found  17.7  per  cent  of  chromosomal  variants 
in  the  immediate  progeny  of  buds  of  Datura  treated  with  radium,  while 
only  0.47  per  cent  occurred  in  untreated  cultures.  Most  of  the  variants 
were  simple  trisomic  types,  but  some  were  secondaries,  and  others  such 
compound  chromosomal  types  as  Nubbin  (Blakeslee,  4,  5).  Delauney 
(9)  found  that  the  majority  of  the  variant  wheat  plants  from  ears  sub- 
jected to  X-radiation  were  chromosomal  mutants.  In  half  the  cases  he 
reports  fragmentation  as  well  as  addition  or  subtraction  of  chromosomes 
was  involved.  In  Xi  and  Ri  progenies  of  N.  Tabacum  a  far  higher 
proportion  of  monosomies  and  trisomies  occur  than  in  untreated  popula- 
tions. Only  a  few  have  been  examined  cytologically  or  genetically. 
Sixteen  monosomies  and  8  trisomies  in  Xi  have  been  checked  by  both 
methods  and  found  to  be  simple  chromosomal  types,  and  8  other  Xi 
variants  have  genetically  been  shown  to  belong  to  one  or  another  cate- 
gory. Trisomies  have  also  been  obtained  in  Xi  progenies  of  N.  sylvestris 
and  A'^.  Langsdorffi,i. 

The  Xi  monosomic  and  trisomic  derivatives  in  Nicotiana  Tabacum 
owe  their  occurrence  to  primary  effects  of  high-frequency  radiation. 
Such  types  may  also  arise  in  plants  as  by-products  of  treatment — secondary 
effects.  The  latter  include  (a)  induced  mutations  (possibly  extragenic) 
affecting  chromosome  conjugation,  and  (6)  induced  chromosomal  reor- 
ganizations such  as  translocation,  attachment,  etc.  An  illustration  of 
the  first  class  of  secondary  effects  is  furnished  by,  largely  unpublished, 
evidence  as  to  an  induced  asynaptic  condition  in  N.  sylvestris  (Goodspeed, 
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16)  which  appeared  in  an  Xz  plant  and  has  been  investigated  through 
A^'e.  All  derivative  lines  have  proved  to  be  genetically  asynaptic, 
although  great  variation  is  shown  in  the  amount  of  pairing  in  different 
plants,  at  different  stages  of  maturity  of  the  same  plant  and  under 
different  environmental  conditions.  Although  no  monosomic  types 
have  appeared,  a  large  number  of  polysemies  have  been  found.  Ten 
of  the  distinct  trisomic  types  are  undoubtedly  "primaries"  and  among 
other  trisomies  which  have  occurred  the  remaining  two  will  doubtless 
be  identified.  In  addition,  a  number  of  double  trisomies  and  four 
tetrasomics  have  been  recognized.  An  illustration  of  the  other  type  of 
secondary  effect  producing  aneuploidy  is  provided  by  the  case  of  the 
"deformed"  X-ray  derivative  of  N.  Tabacum  which  is  referred  to  in  what 
follows. 

As  already  pointed  out,  chromosome  fusions,  whether  preceded  or 
followed  by  fragmentation,  are  characteristic  products  of  irradiation  in 
plants.  Thus,  Lewitsky  and  Araratian  (26)  describe  and  illustrate  an 
induced  association  of  two  homologous  and  of  two  nonhomologous 
chromosomes  in  Crepis  capillaris.  An  instance  of  attachment  involving 
two  homologous  chromosomes  is  provided  by  the  A'^.  Tabacum  X-ray 
derivative  "deformed"  (cf.  Goodspeed  and  Avery,  19).  Reference 
has  already  been  made  to  the  "sticky"  character  often  visibly  assumed 
by  chromosomes  following  irradiation,  and  it  is  postulated  that  such 
initial  alteration  is  responsible  for  the  more  or  less  permanent  chromo- 
somal attachment  involved  in  the  origin  of  "deformed."  A  "deformed" 
plant  exhibits  tissue  abnormalities  and  mosaicism  as  a  result  of  elimina- 
tion in  certain  cell  lines  of  attached  chromosomes.  Its  progeny  consists 
of  "deformed"  plants  together  with  monosomies,  trisomies,  tetrasomics, 
and  simple  and  complex  products  of  chromosomal  reorganization,  certain 
of  the  latter  being  related  to  breakages  of  the  original  chromosomal 
attachment.  Similar  attachments  involving  the  major  portions  of  two 
chromosomes  and  resulting  in  the  production  of  chromosomes  possessing 
two  insertion  regions  have  been  shown  by  McClintock  (30)  to  be  products 
of  translocation  induced  in  maize  by  X-radiation.  Such  abnormally 
constituted  chromosomes  are  assumed  to  be  direct  products  of  trans- 
location and,  also,  to  occur  as  a  result  of  crossing  over  between  the 
translocated  chromosome  and  one  of  its  normal  homologs. 

As  already  noted,  fragmentation  is  certainly  the  most  conspicuous 
and  probably  the  most  typical  chromosomal  alteration  produced  in 
plants  by  high-frequency  radiation.  With  the  rather  meager  evidence 
available  it  is  not,  however,  clear  whether  chromosomal  breakage 
generally  follows,  precedes,  or  is  necessarily  accompanied  by  fusion  or 
attachment  of  chromosomes  or  chromosome  segments.  Serebrovsky  (39) 
has  suggested  that  breakage  following  attachment  is  the  significant 
process,   whereas  Stadler   (44)    contends   that   initial   breakage   of   the 
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chromosome  together  with  the  attachment  of  the  fragments  to  one 
another  by  their  broken  ends  offers  adequate  explanation  of  the  origin 
of  induced  chromosomal  reorganization  in  maize.  In  general,  cytogenetic 
investigations  of  effects  of  high-frequency  radiation  have  tended  to  empha- 
size the  role  of  quantitative  or  extragenic  alterations  as  a  cause  of  what 
is  interpreted  as  gene  mutation.  Certain  general  considerations  in  this 
connection  have  been  discussed  elsewhere  (Goodspeed,  14).  Serebrovsky 
(39)  indicates  that  the  type  of  chromosomal  alteration  referred  to  above 
may  be  the  principal  method  of  origin  of  gene  mutation  and  Stadler  (44) 
holds  that  extragenic  changes,  and  chiefly  nonlethal  deficiencies,  are 
responsible  for  the  majority  of  induced  mutations  in  plants.  Stadler 
further  suggests  that  reverse  mutations,  the  occurrence  of  which  is  taken 
to  be  the  strongest  argument  for  intragenic  origin  of  mutations,  may 
prove  capable  of  a  mechanical  interpretation. 

The  question  as  to  the  fate  of  the  fragments  initially  produced  by 
chromosomal  disruption  after  treatment  (cf.  Fig.  2)  is  important. 
In  general,  chromosome  fragments  do  not  occur  in  progenies  from 
tissues  in  the  cells  of  which  fragmentation  was  observed,  owing  either 
to  the  fact  that  the  treatment  is  lethal  for  these  cells  or  to  the  fact  that 
the  fragments  involved  are  eliminated  because  they  do  not  possess 
insertion  regions  or  homologs.  Their  survival  is  favored  if  they  contain 
genie  material  essential  for  viability  which  is  not  present  elsewhere  in 
the  chromosome  complement.  In  any  case,  it  is  clear  that  chromosome 
fragments  do  persist  and  become  a  permanent  feature  of  the  chromosome 
garnitures  of  plants  in  generations  far  removed  from  the  one  immediately 
resulting  from  irradiation.  For  example,  in  Datura  (Blakeslee,  Bergner, 
and  Avery,  7)  a  true-breeding  compensating  type  possesses  13  pairs  of 
chromosomes,  one  of  which  is  a  fragment  pair. 

Evidence  as  to  survival  and  significance  of  chromosome  fragments 
in  plants  is  also  furnished  by  certain  types  which  have  been  derived  by 
X-raying  of  a  single  sex  cell  of  N.  Tabacum  (Goodspeed  and  Avery,  20). 
The  Xi  plant  in  which  these  lines  originated  possessed  fragment  chro- 
mosomes. In  later  generations  14  distinct  derivative  types  have  been 
obtained,  7  of  which  are  true  breeding.  Of  the  latter  types,  some 
possess  a  fragment  pair  and  have  maintained  such  a  chromosome  con- 
stitution for  five  generations.  In  certain  of  the  nonestablished  types 
a  greater  number  of  fragments  occur  but  are  not  consistently  maintained, 
owing  to  the  fact  that  they  contain  duplicated  chromosomal  material. 
Similar  behavior  is  characteristic  of  the  fragment  type  "Loafoid"  in 
Datura  (Blakeslee,  Bergner,  and  Avery,  7). 

It  is  obvious  that  deficiency  may  be  a  product  of  induced  chromosomal 
fragmentation,  occurring  wherever  a  fragment  lacks  an  insertion  region 
and  does  not  produce  lethality  if  lost.  Such  deficiencies  are  reflected 
in  distinct  morphological  types  when  they  become  established  in  the 
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homozygous  condition.  Thus,  in  N.  Tabacum,  true-breeding  derivatives, 
distinct  morphologically  and  giving  evidence  of  chromosomal  losses, 
have  appeared.  Chromosomal  reorganizations  such  as  translocation, 
duplication,  deficiency  and  deletion  undoubtedly  were  concerned  in  the 
origin  of  the  A^.  Tabacum  derivatives  just  referred  to  and  also  have  occurred 
as  secondary  products  in  later  generations  to  have  a  part  in  the  definition 
of  these  types.  For  example,  a  type  distinct  in  morphological  characters 
(Fig.  46)  has  been  derived  from  a  plant  normal  in  external  morphology 
which  occurred  in  the  Xi  progeny  referred  to  above  (page  1886),  in  which 
the  majority  of  the  plants  were  striking  variants.  When  crossed  with 
control,  this  type  shows,  at  first  meiotic  metaphase,  a  ring  configuration 
involving  four  chromosomes  (Fig.  5a). 
Such  a  configuration  indicates  that 
portions  of  two  chromosomes  have 
been  interchanged.  While  the  inter- 
change may  not  have  been  directly 
concerned  in  the  differentiation  of  the 
new  morphological  characters  which        ^       ?     ^  .  ,    •    i      -j  r  • 

^  °  Fig.    5. — -Cytological  evidence    of  in- 

distinguish     the     particular    type    in-    duced     chromosomal     interchange     and 

VOlved,    its   occurrence   indicates   that    reorganization      in      N       Tabacum      var. 

'  purpurea,      (a)  Ring  of  four  chromosomes 

such       chromosomal       reorganizations    at  first  meiotic  metaphase  in  i^i  of  type 

have  accompanied  this  differentiation.   ^^"^Z^  >"  ^'^■.  ^^^  flossed  with  control. 

^  (ft)  First  meiotic  metaphase  in  type  shown 

Again,  in  another  distinct  derivative  in  Fig.  4c:  21  bivalents,  1  fragment 
type  (Fig.  4c)  of  the  same  Zi  plant,  p^^^  (^)'  ^^^^  ^  trivaient  {y). 
there  are  at  first  metaphase  21  bivalents,  1  trivaient,  and  1  frag- 
ment pair  (Fig.  56).  The  presence  of  the  fragment  pair  and  the 
fact  that  the  monosomic  chromosome  conjugates  with  a  bivalent 
show  that  the  chromosomes  concerned  are  products  of  induced 
reorganization.  In  the  investigations  on  chromosomal  alteration 
following  irradiation,  in  Nicotiana  and  in  certain  other  genera,  the 
reorganizations  involving  sections  of  chromosomes  cannot  be  so 
thoroughly  analyzed  cytogenetically  as  they  can  be  in  Zea  Mays. 
Anderson  discusses  such  reorganization  in  that  species  in  Paper  XLII. 
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THE  NORMAL  CHROMOSOMES 

The  great  majority  of  varieties  of  maize  grown  in  the  United  States 
appear  to  be  uniform  in  the  arrangement  of  material  in  the  chromosomes. 
This  arrangement  we  accept  as  the  normal.  The  10  normal  chromosomes 
of  maize  are  figured  diagrammatically  by  McClintock  (32,  page  192). 
Different  varieties  or  strains  present  such  visible  differences  as  presence 
or  absence  of  given  knobs  or  differences  in  size,  shape,  or  appearance  of 
given  chromomeres  and  knobs.  Two  types  of  satellite  on  chromosome  6 
have  also  been  described  (McClintock,  33). 

In  addition  to  the  normal  diploid  set  of  10  pairs  of  chromosomes, 
there  may  be  present  in  some  strains,  one  or  more  j5-type  chromosomes 
(Randolph,  36,  McClintock,  32).  These  are  an  aberrant  type  of  chromo- 
some, behaving  somew'hat  less  regularly  at  meiosis  and  having  no  appar- 
ent function  in  inheritance. 

The  10  normal  chromosomes  ordinarily  synapse  regularly  at  meiosis, 
but  infrequently  some  portions  of  the  chromosomes  may  appear  paired 
nonhomologously.  Such  nonhomologous  pairing,  although  rare  in  normal 
diploids,  is  frequent  in  many  cases  of  unbalanced  or  altered  chromosomes 
(Burnham,  15  and  16,  McClintock,  32).  A  thorough  study  of  non- 
homologous pairing  has  been  made  by  McClintock  (32). 

Randolph  (38,  39)  has  reported  tetraploids  induced  by  temperature 
treatments.  Losses  of  a  chromosome  induced  by  X-rays  have  been 
detected  cytologically  (Randolph,  37).  Some  of  the  induced  gene 
deficiencies  detected  by  endosperm  characters  (Stadler  48,  50,  52)  are 
probably  whole  chromosome  eliminations.  Increases  or  decreases  in 
chromosome  number  will  not  be  treated  further  except  to  be  included 
in  the  bibliography. 

INVERSIONS 

In  a  few  of  the  strains  of  maize  which  have  been  studied  cytologically, 
a  portion  of  a  chromosome  appears  in  a  reversed  order.     These  cases 
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are  listed  as  inversions  or  inverted  sections,  though  nothing  is  known 
of  their  origin.  One  such  inversion  in  the  short  arm  of  chromosome  8 
(McChntock,  32)  is  present  in  a  number  of  the  strains  used  in  genetic 
studies.  A  short  inversion  in  chromosome  4  including  the  spindle 
attachment  has  also  been  described  by  McClintock  (32).  It  causes  an 
apparent  displacement  of  the  position  of  the  spindle  attachment.  A 
similar  displacement  in  chromosome  2  is  sometimes  observed  and  is 
probably  due  to  a  similar  inversion. 

From  X-ray  treatment,  McClintock  (30,  32)  has  described  an  inver- 
sion in  chromosome  2.  Approximately  two-thirds  of  the  chromosome 
became  inverted.  A  similar  inversion  involving  a  still  greater  portion 
of  chromosome  2  has  been  found,  also  from  X-ray  treatment  (Muntzing 
and  Anderson,  unpublished). 

The  longer  inversions,  when  heterozygous,  give  typical  inversion 
loop  configurations  at  meiosis  (see  McClintock,  30,  Figs.  20-28,  or 
Sharp,  46,  pages  315-318).  Such  figures  are  formed  by  the  synapsis 
of  homologous  portions  in  all  parts  of  the  chromosome.  In  short  inver- 
sions, loop  configurations  are  seldom  formed.  Instead  the  inverted 
sections  are  paired  nonhomologously  or  else  remain  unsynapsed  (McClin- 
tock, 32).     Homozygous  inversions  show  normal  synapsis. 

In  the  cases  of  long  inversions  considerable  amounts  of  pollen  and 
egg  sterility  are  found.  This  is  due  to  crossing  over  taking  place  within 
the  inversion  loop.  When  homozygous,  fertility  is  normal.  No  studies 
have  yet  appeared  on  the  linkage  relations  in  maize  inversions,  but  the 
linkage  studies  on  Drosophila  inversions  together  with  McClintock's 
work  on  nonhomologous  pairing  may  serve  as  a  basis  for  expectations. 
Homozygous  inversions  should  give  normal  linkage  behavior,  but  with 
the  genes  in  different  serial  order.  Heterozygous  short  inversions  which 
seldom  show  loop  configurations,  but  do  show  nonhomologous  pairing, 
may  show  only  a  reduction  or  virtual  elimination  of  crossing  over  in 
the  inverted  section  with  no  accompanying  pollen  or  egg  sterility.  No 
data  are  at  hand  to  indicate  if  reduced  crossing  over  beyond  the  limits 
of  the  inversion  is  to  be  expected.  Reduction  of  crossing  over  outside 
of  the  limits  of  inversion  occurs  in  Drosophila,  but  the  cytplogical  behavior 
at  meiosis  is  unknown.  The  best  known  of  the  Drosophila  cases  presum- 
ably form  loop  configurations,  since  viable  double  cross-overs  have  been 
found  within  the  inverted  sections. 

Heterozygous  long  inversions  which  consistently  form  loop  configura- 
tions should  show  partial  pollen  and  egg  sterility  accompanied  by  a 
reduction  of  observed  crossing  over  due  to  elimination  of  most  of  the 
cross-overs  within  the  inversion  loop.  Except  for  rare  cases  where 
unbalanced  or  deficient  chromosomes  may  be  viable,  all  single  cross- 
overs within  the  loop  must  be  inviable.  Crossing  over  may  be  further 
reduced  without  additional  sterility  by  nonhomologous  pairing,  incom- 
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plete  synapsis  or  other  causes.     There  is  need  at  the  present  time  for 
adequate  Unkage  studies  on  inversions  of  known  cytological  behavior. 

The  inversions  found  in  our  genetic  stocks  were  picked  up  during 
the  course  of  cytological  examinations  for  other  purposes.  The  inversion 
in  chromosome  2  from  X-ray  treatment  (McClintock  30,  32)  was  similarly 
discovered  in  the  course  of  cytological  examination  of  a  deficiency  in 
another  chromosome.  The  unpublished  long  inversion  in  chromosome  2 
(Muntzing  and  Anderson)  was  detected  by  means  of  partial  pollen 
sterility.  No  data  are  available  to  indicate  the  frequency  of  occurrence 
of  inversions  following  irradiation,  but  it  is  probably  high.  The  only 
ones  readily  discovered  are  the  long  inversions  which  may  be  detected 
and  followed  by  means  of  the  partial  sterility  of  pollen. 

DEFICIENCIES 

1.  Terminal  Deficiencies. — These  consist  of  the  loss  of  an  end  of  a 
chromosome.  Several  cases  have  been  described  by  Stadler  (50)  and 
McClintock  (30).  These  were  found  after  X-ray  treatment  and  were  not 
transmitted  to  the  following  generation.  In  each  case  the  zygotes 
deficient  for  a  portion  of  a  chromosome  were  viable  and  vigorous,  but 
the  spores  with  a  deficient  haploid  complement  did  not  survive  to  func- 
tion. These  deficiencies  were  found  by  placing  pollen  carrying  dominant 
genes  on  silks  of  the  appropriate  recessives  and  irradiating  during  the 
growth  of  the  pollen  tubes.  Plants  deficient  for  a  dominant  gene  were 
examined  cytologically  at  meiosis.  A  portion  of  one  chromosome  was 
missing.  The  deficient  chromosome  paired  normally  with  the  homolo- 
gous portions  of  the  corresponding  normal.  Beyond  the  end  of  the 
deficient  chromosome,  the  normal  chromosome  appeared  as  a  single 
unpaired  thread.  By  the  identification  of  the  chromosome  involved 
and  by  measurement  of  the  region  deficient,  it  was  possible  to  assign 
certain  genes*  to  definitely  limited  regions  of  particular  chromosomes. 

More  cases  of  terminal  deficiency  from  X-rays  have  been  described 
by  McClintock  (32),  Stadler  (53),  and  Creighton  (21).  Several  of  these 
cases  are  of  especial  interest.  Stadler's  (53)  study  of  a  deficiency  for 
the  gene  R  showed  the  absence  of  the  terminal  one-fifth  of  the  long  arm 
of  chromosome  10.  Deficient  microspores  gave  rise  to  small-sized 
immature-looking  pollen  grains  which  were  unable  to  function.  Eggs 
carrying  the  deficiency  functioned  about  one-third  as  frequently  as  the 
normal.  Plants  heterozygous  for  the  deficiency  were  less  vigorous  and  a 
little  later  maturing  than  normal  plants. 

Creighton  (21)  has  described  three  deficiencies  for  yg2  at  or  near  the 
end  of  the  short  arm  of  chromosome  9.  One  of  these  {Df  9-1)  was  defi- 
cient for  about  one-fourth  of  the  arm  including  the  conspicuous  terminal 
knob.  The  absence  of  the  knob  is  cited  as  proof  that  the  deficiency  is 
really  a  terminal  one. 
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Some  data  on  the  frequency  of  induced  deficiency  of  known  endosperm 
genes  have  been  presented  by  Stadler  (50,  53).  Endosperm  characters 
were  selected  for  these  quantitative  studies  because  large  numbers  are 
more  readily  obtained,  compensating  for  the  disadvantage  that  they 
cannot  be  checked  cytologically.  The  induced  deficiencies  are  roughly 
in  proportion  to  the  X-ray  dosage  given.  But  for  a  given  dosage  each 
gene  has  a  different  characteristic  frequency.  Of  the  genes  studied,  A 
became  lost  most  frequently  and  Y  least  frequently.  The  most  instruc- 
tive are  the  data  involving  C  Sh  and  Wx.  These  are  all  in  the  short 
arm  of  chromosome  9  with  Wx  known  to  be  closest  to  the  spindle-fiber 
insertion.  The  linkage  order  is  C  Sh  Wx,  with  about  4  per  cent  crossing 
over  between  C  and  Sh  and  about  22  per  cent  between  Sh  and  Wx. 
Of  the  seeds  deficient  for  C,  the  majority  were  deficient  also  for  Sh  and 
Wx.  About  25  or  30  per  cent  were  deficient  for  Sh  but  not  for  Wx.  A 
few  were  deficient  for  C  only.  Most  of  the  deficiencies  were  considered 
terminal  ones.  Some  of  those  deficient  for  all  the  genes  were  probably 
losses  of  the  entire  chromosome. 

An  interesting  feature  of  endosperm  deficiencies  is  the  frequent 
appearance  of  one  or  more  small  islands  of  cells  carrying  the  dominant 
genes  (Stadler  49,  50).  These  Stadler  interprets  as  due  to  recovery  of  a 
chromosome  affected  by  X-ray.  On  this  interpretation  the  deficiency 
is  due  to  loss  of  the  power  of  reproduction  of  the  affected  chromosome 
or  section  of  chromosome.  At  each  succeeding  mitosis  this  chromosome 
goes  to  one  daughter  cell  or  the  other.  If  later  it  recovers  its  power  of 
reproduction,  it  then  may  divide  regularly  and  form  an  island  of  normal 
(nondeficient)  tissue.  Since  later  cytological  studies  on  deficiencies 
have  shown  them  to  be  actual  losses  rather  than  inactivations,  a  modifica- 
tion of  Stadler 's  hypothesis  seems  required.  We  may  assume  for  whole 
chromosome  losses,  that  the  missing  chromosome  remains  free  in  the 
common  cytoplasm  of  the  early  endosperm,  while  the  nuclei  divide  for 
several  successive  generations,  and  then  becomes  incorporated  in  one  of 
the  free  nuclei  and  divides  regularly  thereafter.  Several  separate  spots, 
usually  clustered  as  they  are,  might  be  formed,  for  instance,  by  one  or 
more  sporadic  divisions  of  the  free  chromosome,  before  being  associated 
with  a  nucleus.  Recovery  of  a  fragment  would  require  that  the  fragment 
become  attached  to  one  of  the  chromosomes  or,  less  probably,  develop 
its  own  spindle  fiber.  Such  things  might  happen  in  the  endosperm  where 
they  would  not  in  ordinary  tissue,  since  there  are  a  number  of  divisions 
of  the  endosperm  nucleus  in  a  common  cytoplasm  followed  by  migration 
to  the  periphery  before  cell-wall  formation  takes  place.  The  one  case 
cited  by  Stadler  (49)  as  recovery  in  the  sporophyte  is  open  to  interpreta- 
tion as  an  ordinary  chimaera  in  which  only  a  small  portion  was  non- 
deficient.  Similar  islands  of  green  tissue  are  occasionally  found  in 
maternally  inherited  plastid  chimaeras. 
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2.  Internal  Deficiencies. — These  consist  of  the  loss  of  a  section  of  a 
chromosome  not  inckiding  an  end.  A  very  clear  case  (/>/  9-2)  has  been 
described  by  Creighton  (21),  in  which  the  distal  one-third  of  the  short 
arm  of  chromosome  9  was  lost,  but  the  conspicuous  terminal  knob  was 
retained.  The  deficiency  involved  the  normal  allelomorph  of  ygo. 
The  plant  yielded  no  progeny.  Another  plant  {Df  9-3),  lacking  the 
normal  allelomorph  of  yg-i,  appeared  only  to  have  the  terminal  knob 
slightly  reduced  in  size.  The  plant  was  fully  fertile.  It  was  interpreted 
as  a  very  short  internal  deficiency  including  the  base  of  the  knob,  but 
another  interpretation,  that  of  mutation,  is  not  excluded.  McClintock 
(30,  32)  has  described  cytologically  some  further  cases  of  internal  defi- 
ciency. The  observed  prophase  figures  usually  involve  a  loop  or  foldback 
in  the  one  chromosome,  or  else  a  large  amount  of  asynapsis.  The 
prevalence  of  nonhomologous  pairing  under  these  conditions  makes  the 
chromosome  configurations  very  irregular  and  difficult  to  interpret. 

3.  Ring  Chromosomes. — A  number  of  cases  have  been  described  by 
McClintock  (30,  31,  32)  of  ring-shaped  chromosomes  or  parts  of  chromo- 
somes. These  consist  of  the  middle  portion  of  a  chrornosome  with  the 
spindle  attachment.  Both  ends  have  become  eliminated  and  the  ends 
of  the  internal  fragment  united  to  form  a  closed  ring.  The  cases  studied 
vary  in  size  from  large  rings  consisting  of  nearly  the  entire  chromosome 
to  very  small  rings  consisting  of  a  very  short  section  about  the  spindle 
attachment.  The  type  of  meiosis  pairing  with  a  normal  homolog  is  very 
variable,  usually  involving  much  nonhomologous  pairing.  (McClintock, 
32).  Large  rings  usually  pair  in  whole  or  in  part  with  the  normal  chromo- 
some. Small  rings  are  more  often  completely  separate  from  the  normal 
chromosome,  appearing  usually  as  a  collapsed  ring.  The  rings  do  not 
remain  constant  in  size  but  may  become  diminished  or  enlarged  during 
ordinary  mitotic  divisions.  Occasionally  groups  of  cells  are  found  with 
conspicuously  smaller  or  sometimes  larger  rings.  That  these  changes 
involve  eliminations  or  duplications  of  portions  of  the  ring  is  shown 
especially  clearly  in  a  large  ring  of  chromosome  2  (McClintock,  31) 
which  included  a  conspicuous  knob.  This  knob  was  missing  in  many 
of  the  smaller  sized  rings.  More  rarely  it  was  duplicated  in  large-sized 
rings.  Where  the  rings  carry  a  dominant  gene  and  the  normal  chromo- 
some the  recessive  allelomorph,  eliminations  of  the  section  of  the  ring 
carrying  this  gene  give  rise  to  mosaic  plants. 

The  changing  of  size  of  the  ring  is  undoubtedly  related  to  the  mecha- 
nism of  mitotic  splitting  of  chromosomes,  but  the  nature  of  the  relation- 
ship is  not  clear.  If  it  were  merely  that  the  split  was  not  oriented  in 
the  same  plane  throughout  the  chromosome,  the  ring  should  sometimes 
be  doubled  in  size  but  not  diminished.  Interlocking  rings  would  some- 
times be  formed  and  might  be  torn  apart  during  anaphase  separation. 
From  such  fragmentation  one  would  expect  rod  fragments  rather  than 
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small  rings  unless  the  broken  ends  have  an  attraction  for  each  other 
sufficient  to  unite  them  even  when  they  are  not  closely  approximated. 
Such  a  view  seems  highly  improbable. 

Of  the  described  ring  chromosomes  two  arose  spontaneously  in  plants 
already  carrying  altered  chromosomes.  The  balance  resulted  from  X-ray 
treatment.  They  were  detected  by  means  of  the  gene  deficiencies 
causing  mosaic  plants. 

INTERCHANGES 

Chromosomal  interchanges  or  reciprocal  translocations  are  frequently 
found  after  X-ray  treatment.  The  earliest  discovered  cases  in  maize 
were  found  in  untreated  lines.  These  have  figured  most  largely  in  the 
literature,  but  interchanges  from  X-rays  far  outnumber  those  from 
untreated  sources. 

The  genetics  and  cytology  of  chromosomal  interchanges  in  maize 
have  been  treated  in  a  series  of  papers  by  Brink  (6,  7),  Brink  and  Burn- 
ham  (8),  Brink  and  Cooper  (9,  10,  11,  12),  Cooper  and  Brink  (20), 
Burnham  (13,  14,  15,  16,  17,  18),  McClintock  (28,  29,  30,  32,  33),  Creigh- 
ton  (21),  Creighton  and  McClintock  (22),  Rhoades  (41,  44),  Anderson 
(1,  2),  Anderson  and  Clokey  (3),  and  Clarke  and  Anderson  (19).  Brief 
reviews  will  be  found  by  Sharp  (46),  and  Anderson  (2).  In  the  latter 
paper  will  also  be  found  a  catalogue  list  of  all  the  interchanges  described 
for  maize. 

In  an  interchange  a  fragment  of  one  chromosome  is  exchanged  with 
a  fragment  from  a  nonhomologous  chromosome.  The  two  new  chromo- 
somes when  homozygous  behave  in  no  way  different  from  normals. 
The  two  pairs  of  chromosomes  involved  may  differ  in  appearance  from 
the  normals  and  the  corresponding  linkage  maps  consist  of  differently 
combined  parts  of  the  old  maps. 

When  heterozygous,  the  interchanged  chromosomes  synapse  at 
meiosis  with  homologous  parts  of  the  normal  chromosomes,  giving  a 
cross-shaped  synaptic  figure.  The  cross  is  at  the  point  of  interchange. 
In  the  more  typical  cases,  there  are  two  long  arms  on  opposite  sides  of 
this  cross,  each  with  a  spindle-fiber  insertion,  and  two  shorter  arms 
without  spindle-fiber  insertions.  The  two  long  arms  are  the  main 
portion  of  the  chromosomes.  The  shorter  arms  are  the  interchanged 
fragments  and  the  homologous  portions  of  the  normal  chromosomes. 
For  convenience  we  may  designate  the  normal  chromosomes  as  1  and  2, 
the  interchanged  ones  as  1^  and  2^  Crossing  over  may  take  place  in 
any  arm  of  the  figure,  as  between  1  and  the  main  portion  of  P  or  between 
the  interchanged  fragment  of  P  and  the  corresponding  portion  of  2. 
During  diplotene  and  diakinesis  the  synaptic  figure  opens  out  into  a  ring 
usually  with  only  the  ends  of  the  chromosomes  attached.  This  ring 
is  best  observed  at  diakinesis.     The  distribution  at  anaphase  is  ordinarily 
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such  that  the  two  chromosomes  1  and  1^  go  to  opposite  poles.  Likewise 
2  and  2'  go  to  opposite  poles.  But  the  distribution  of  2  and  2'  seems 
to  be  independent  of  the  distribution  of  1  and  1^  so  that  four  types  of 
spores  are  formed  in  equal  numbers.  These  have  the  following  chromo- 
some constitution : 

1,  2,  normal; 

1*,  2',  interchange; 

1,  2',  and  P,  2,  inviable. 

The  normal  and  interchange  spores  are  viable  and  fully  functional. 
The  other  two  types  have  a  portion  of  one  chromosome  duplicated,  and 
a  portion  of  the  other  deficient.  They  are  not  functional.  Consequently 
half  of  the  ovules  fail  to  develop  and  half  of  the  pollen  is  abortive.  The 
chromosomes  may  occasionally  be  distributed  irregularly,  three  going 
to  one  pole,  and  one  to  the  other. 

In  linkage  studies,  the  interchange  may  be  followed  by  means  of 
pollen  semisterility  which  behaves  in  outcrosses  like  a  dominant  gene 
at  the  locus  of  the  interchange  in  both  chromosome  maps. 

Of  the  interchanges  described  semisterile  1  (Brink,  6),  semisterile  3 
(Burnham,  13),  semisterile  4  (Rhoades,  41,  44)  and  semisterile  5  (Cooper 
and  Brink,  20)  may  be  taken  as  fairly  typical  interchanges.  Semisterile  2 
(Burnham,  13,  18)  shows  about  59  per  cent  of  bad  pollen.  The  chromo- 
some distribution  is  somewhat  more  irregular.  About  7  per  cent  of  the 
diakinesis  figures  show  a  chain  instead  of  a  ring  of  chromosomes. 

A  low  sterile  described  by  Burnham  (14)  forms  chains  consistently 
but  never  rings.  The  interchange  had  taken  place  in  the  satellite 
of  chromosome  6.  The  point  of  interchange  is  within  one  or  two  chro- 
momeres  of  the  end  of  the  chromosome.  The  interchanged  end  of  the 
satellite  does  not  show  pairing  with  the  normal  satellite.  This  gives 
a  T-shaped  pachytene  figure,  opening  out  to  form  a  chain  at  diakinesis. 
One  of  the  duplicate-deficient  classes  of  spores  lacks  only  a  few  chro- 
momeres  of  having  all  parts  of  the  chromosomes  represented,  and  forms 
pollen  which  is  not  visibly  abnormal. 

A  more  extreme  case  has  been  described  by  Clarke  and  Anderson  (19) 
in  which  chains  are  found  in  only  about  one-third  of  the  diakinesis  figures, 
the  balance  showing  two  slightly  unequal  "pairs."  Here  too  the  inter- 
change is  in  the  satellite  of  chromosome  6  and  also  near  the  end  of 
chromosome  3. 

One  interchange  from  irradiation,  involving  chromosome  6,  divided 
the  reticulate  region,  which  is  the  attachment  to  the  nucleolus  (Anderson, 
1).  This  interchange  has  been  used  by  McClintock  (33)  for  an  intensive 
study  of  the  function  and  development  of  the  nucleolus.  The  nucleolus 
is  shown  to  be  organized  by  this  reticulate  region  or  nucleolar-organizing 
body.  When  this  body  is  severed  by  the  interchange  each  part  organizes 
its  own  nucleolus  during  the  mitotic  telophases. 
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A  small  amount  of  nonhomologous  pairing  is  evident  in  most  of  the 
interchanges.  In  some  there  is  a  large  amount  (Burnham  15,  16; 
McClintock,  32).  It  has  not  yet  been  ascertained  whether  these  cases 
of  extensive  nonhomologous  pairing  are  due  to  some  other  alteration 
in  the  chromosome  at  or  near  the  point  of  interchange. 

The  extensive  series  of  interchanges  listed  by  Anderson  (2)  from 
irradiation  are  distributed  among  the  10  chromosomes  approximately 
in  proportion  to  the  relative  lengths  of  the  different  chromosomes.  Not 
enough  data  have  been  reported  to  show  the  relative  frequency  of 
interchanges  in  different  portions  of  a  chromosome. 

NATURE  OF  THE  ALTERATIONS  PRODUCED    BY  IRRADIATION 

All  of  the  chromosome  alterations  produced  by  irradiation,  except 
terminal  deficiencies,  involve  an  interchange  of  parts  between  non- 
homologous regions.  Terminal  deficiencies  imply  a  break  in  the  chromo- 
some without  the  broken  ends  becoming  reattached. 

There  are  no  data  available  on  the  relative  frequency  of  inversions, 
terminal  deficiencies,  internal  deficiencies,  ring  chromosomes,  and 
interchanges.  Any  simple  relationship  between  the  frequencies  of 
different  alterations  would  go  far  toward  indicating  the  nature  of  the 
mechanism  involved.  Perhaps  such  data  are  not  to  be  obtained  because 
of  the  differences  in  the  means  of  detection.  The  absence  of  "simple 
translocations"  in  maize  seems  significant.  So  far  as  studied,  all  altera- 
tions involving  two  chromosomes  are  reciprocal.  All  inversions  found 
are  internal.  No  attachments  to  or  by  the  normal  ends  of  chromosomes 
have  been  found.  These  same  normal  ends  are  conspicuously  prone 
to  be  stuck  to  other  chromosomes  in  prophase  preparations.  This 
stickiness  is  probably  not  merely  an  artefact  produced  by  the  reagents 
used  in  fixing  and  staining.  The  stickiness  disappears  in  the  later,  more 
condensed  stages.  Interchanges  occurring  near  the  ends  of  chromosomes 
are  difficult  to  detect  and  to  study,  except  some  of  those  in  the  satellite 
of  chromosome  6.  Of  18  interchanges  known  for  chromosome  6,  three 
are  in  the  satellite  itself  and  do  not  involve  more  than  a  maximum  of 
three  chromomeres.  Finally,  two  of  the  three  deficiencies  found  for  ygz 
(Creighton,  21)  were  shown  by  the  terminal  knob  to  be  internal.  This 
throws  suspicion  on  the  validity  of  terminal  deficiencies. 

Crossing  over  in  Drosophila  has  been  shown  to  take  place  in  the  double 
strand  stage  and  only  two  of  the  four  strands  cross  over.  Rhoades 
(42,  43)  has  shown  that  the  same  applies  to  maize.  Since  interchanges 
between  nonhomologous  chromosomes  resemble  crossing  over  in  other 
ways,  it  seems  not  unreasonable  to  place  it  also  in  a  double-strand 
stage  when  the  conditions  are  most  nearly  those  surrounding  crossing 
over.  We  may  likewise  expect  only  two  of  the  four  strands  to  become 
interchanged. 
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The  products  of  interchange  of  single  strands  at  a  double-strand 
stage  are  more  complex  than  those  expected  for  breakage  and  reunion 
of  whole  chromosomes.  In  the  case  of  a  double-strand  chromosome 
looped  back  upon  itself  (intrachromosomal  interchange),  one  strand  may 
be  interchanged  with  itself  or  with  its  sister  strand.  If  we  designate 
the  broken  ends  in  their  original  order  as  ab  cd,  h  and  c  being  the  ends 
of  the  intermediate  or  loop  section,  the  broken  ends  may  become  attached 
in  the  two  new  combinations  ac,  bd  and  ad,  be.  The  chromosomes 
recovered  are  listed  in  Table  1.  Combinations  without  spindle  attach- 
ments or  with  double  spindle  attachments  become  lost.  In  the  duplicate- 
deficient  chromosomes,  one  end  of  the  chromosome  is  deficient  but  is 
replaced  by  a  duplication  of  the  other  end.  The  internal  duplications 
would  be  of  the  constitution  abcbcd. 


Table  1. — Chromosomes  Recovered  from  Intrachromosomal  Interchange  of 

Strands  at  Double-strand  Stage 
Original  sequence  of  parts  ab  cd 


Strands 
interchanged 

Combination  after  reattachment 

ac         bd 

ad         be 

Interchange 
between  arms 

Identical 

a.  Normal 

b.  Internal  inversion 

a.  Normal 

b.  Ring  chromosome 
(united  ends  lost) 

Sister 

a.  Duplication 
deficiency 

b.  Duplication 
deficiency 

Double  spindle 
attachment 
United  ends  lost 

Interchange 
within  one  arm 

Identical 

a.  Normal 

b.  Internal  inversion 

a.  Normal 

b.  Internal  deficiency 
(ring  fragment  lost) 

Sister 

Double    spindle    at- 
tachment 
United  ends  lost 

a.  Internal  duplication 

b.  Internal  deficiency 

In  the  case  of  interchange  between  different  chromosomes,  the 
sister  strands  are  equivalent.  If  each  segment  with  spindle  attachment 
unites  with  the  terminal  segment  from  the  nonhomologous  chromosome, 
the  four  resulting  chromosome  strands  may  be  designated  1,  P,  2,  and  2^ 


1306  BIOLOGICAL  EFFECTS  OF  RADIATION 

At  anaphase  separation  the  two  pairs  of  strands  may  be  distributed 
to  the  daughter  nuclei  in  either  of  two  ways: 

(a)  One  nucleus  1+2  (normal);  the  other  1^  +  2^  (interchange). 
(6)  One  nucleus  1+2^;  the  other  1^  +  2  (both  duplicate-deficient). 

If  assortment  is  at  random,  the  two  types  of  distribution  should  occur 
equally  freely. 

If  the  two  segments  with  spindle  attachments  unite  with  each  other 
and  likewise  the  terminal  segments,  there  will  be  two  normal  chromo- 
somes, one  with  double  spindle  attachment  and  one  with  none.  The 
two  latter  will  be  lost  within  a  few  divisions.  The  two  normal  chromo- 
somes may  go  to  the  same  pole  or  to  opposite  poles.  The  resulting 
daughter  nuclei  should  eventually  be  either  one  nucleus  normal,  the  other 
deficient  for  both  chromosomes,  or  one  nucleus  deficient  for  chromosome 
1,  the  other  for  chromosome  2. 

In  the  case  of  alterations  due  to  irradiation  of  pollen,  there  is  little, 
if  any,  elimination  before  fertilization.  Most  of  the  deficient  chromo- 
somes except  those  with  two  spindle  attachments  or  none  are  probably 
capable  of  surviving  in  the  zygote.  But  very  few  will  be  capable  of 
surviving  the  haploid  gametophyte  generation,  unless  the  deficient 
region  is  very  small.  Interchanges  and  inversions  will  survive  with 
varying  degrees  of  pollen  and  egg  sterility.  As  in  general  the  X-rays 
have  been  applied  to  the  sperm  nucleus  after  the  last  haploid  mitosis, 
the  two  strands  present  must  become  separated  at  the  first  cleavage 
of  the  embryo.  This  implies  that  where  alterations  are  induced  by 
the  irradiation  the  embryo  is  mosaic.  Owing  to  the  type  of  growth,  the 
large  majority  of  plants  with  induced  alterations  will  have  all  of  the 
observed  tissue  of  the  same  constitution.  But  mosaic  plants  should  be 
rather  frequent.  This  checks  with  the  observations.  The  mosaic  endo- 
sperm seeds  reported  by  Stadler  (48),  where  part  of  the  endosperm  is 
deficient  for  C  while  the  rest  is  deficient  for  Su,  are  strong  support  for 
this  interpretation. 

Inversions  and  interchanges  would  not  be  detected  in  the  plant 
itself,  except  by  pollen  or  egg  sterility  or  by  linkage  relations  in  the 
progeny.  Duplications  would  probably  not  be  detected  by  any  technique 
used  in  maize.  Deficiencies  involving  certain  known  genes  are  readily 
detected.  So  far  as  visible  gene  characters  are  concerned,  most  of  the 
internal  deficiencies  and  all  of  the  duplicate-deficient  classes  both  from 
intra-  and  interchromosomal  interchanges  would  be  classified  as  terminal 
deficiencies.  Even  cytological  characteristics  and  behavior  are  not  to 
be  relied  upon  except  where  long  terminal  sections  are  involved  or  con- 
spicuous knobs  or  other  markers  are  present.  The  prevalence  of  non- 
homologous pairing  in  unmatched  short  sections  makes  it  impo.ssible  to 
rely  upon  synapsis  alone  for  the  detection  of  small  terminal 
fragments. 
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The  three  deficiencies  for  yg-i  in  chromosome  9  reported  by  Creighton 
(21)  are  instructive  because  of  the  terminal  knob  involved.  Df  9-3 
involved  no  gamete  sterility  and  such  a  small  cytological  alteration 
that  its  interpretation  is  open  to  question.  If  it  is  a  deficiency,  it  is 
not  a  terminal  one.  Df  9-2  is  a  clear  case  of  an  internal  deficiency  which 
would  have  been  classified  as  terminal  but  for  the  presence  of  the  con- 
spicuous terminal  knob.  Df  9-1  lacked  the  knob  entirely  as  well  as 
about  one-fourth  of  the  arm.  This  is  probably  the  best  evidence  available 
for  a  truly  terminal  deficiency.  But  the  deficient  arm  may  well  end 
with  a  short  terminal  section  from  another  chromosome.  Creighton 
states:  "Synapsis  of  the  short  arms  from  the  spindle-fiber-insertion 
regions  to  the  point  of  deletion  was  regular  in  most  cases.  Sometimes 
there  was  a  lack  of  association  of  the  last  few  chromomeres  of  the  deficient 
chromosome  with  their  homologues  on  the  standard  chromosome." 
It  is  also  interesting  that  the  plant  carrying  this  deficiency  was  a  mosaic 
with  the  greater  part  normal. 

For  tests  of  the  hypothesis  that  the  induced  alterations  are  due  to 
interchange  between  strands  at  a  double-strand  stage,  the  types  not 
otherwise  expected  should  be  watched  for  in  plants  from  irradiated 
pollen.  Stocks  with  the  largest  number  of  conspicuous  knobs  and  other 
chromosome  markers  should  be  selected  for  irradiation  studies.  In 
deficient  plants,  the  ends  of  all  chromosomes  should  be  observed  care- 
fully. Mosaic  plants  are  of  the  greatest  interest  and  the  nondeficient 
as  well  as  the  deficient  sector  should  be  studied.  In  endosperm  studies 
mosaics  where  one  sector  is  deficient  for  one  gene  and  the  other  sector 
deficient  for  a  gene  from  another  chromosome  should  be  watched  for 
carefully. 

It  is  possible,  and  perhaps  even  probable,  that  induced  alterations 
take  place  with  more  than  random  frequency  near  the  extreme  ends  of 
chromosomes.  If  the  ends  are  sticky  in  the  living  cell  during  prophase 
as  they  appear  to  be  in  fixed  preparations,  this  would  tend  mechanically 
to  bring  the  distal  portions  more  frequently  in  close  proximity  to  other 
chromosomes.  A  similar,  but  perhaps  less  pronounced  increase  in 
alteration  frequency  might  be  expected  near  spindle  attachments  and 
knobs.  Unfortunately  a  sufficient  number  of  maize  interchanges  have 
not  yet  been  examined  cytologically  to  get  a  picture  of  their  distribution 
within  the  chromosome. 

Little  can  be  said  as  to  the  nature  of  the  action  of  X-rays  in  inducing 
chromosome  alterations.  The  obvious  suggestion  is  that  for  adjacent 
chromosomes  the  irradiation  somehow  brings  about  conditions  resembling 
the  conditions  normally  present  only  in  or  surrounding  homologous 
chromosomes  during  corresponding  phases  of  meiosis.  The  recent  work 
of  Metz  (35)  on  the  role  of  the  chromosome  sheath  is  interesting  in  this 
connection.     Metz   suggests    "that   irradiation   serves   to   disturb   the 
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normal  insulating  properties  of  the  chromosome  sheaths  and  permits 
intimate  contacts  between  the  chromosomes."  He  also  suggests  more 
specifically  that  irradiation,  by  decreasing  protoplasmic  viscosity, 
"serves  to  solate  the  gelatinous  "sheath,"  permitting  chromosomes 
to  come  into  contact  with  one  another  and  to  interact  in  such  a  way  as  to 
cause  segmental  rearrangements  and  gene  mutations." 

The  present  information  from  induced  chromosomal  alterations  in 
maize  is  in  accord  with  the  view  that  irradiation  acts  in  a  general  way 
on  the  chromosomes  or  their  surrounding  medium,  and  that  interchange 
between  strands  may  take  place  wherever  chromosomes  happen  to  lie 
in  contact.  On  this  view  the  increased  frequency  of  interchange  with 
increase  of  dosage  should  be  due  to  intensification  of  the  change  in  the 
physical  condition  of  the  chromosomes  or  their  surrounding  medium; 
whereas  the  frequency  distribution  of  interchanges  in  the  chromosome 
should  be  merely  a  probability  distribution  of  contacts  between  chromo- 
somes at  the  proper  stage  of  mitosis. 
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BIOLOGICAL  ASPECTS  OF  THE  QUANTUM  THEORY 
OF  RADIATION  ABSORPTIONS  IN  TISSUES 

John  W.  Gowen 
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The  amplification  of  the  mendelian  theory  by  other  researches  shows 
the  chromosomes  (58)  to  contain  the  specific  determiners  of  the  inherit- 
ance, the  genes,  arranged  Unearly  with  regard  to  each  other.  The  total 
effects  of  these  genes  control  the  development  and  maintenance  of  all 
parts  of  the  adult  organism.  Individually  considered,  however,  the 
effects  are  quite  specific.  A  gene  may  alter  the  eye  color  or  reduce  the 
\vings  of  Drosophila  but  otherwise  show  little  to  indicate  its  presence. 
One  may  make  a  harmless  black  spot  under  the  wing  joint  (58),  while 
another  may  cause  a  focal  melanosis  (24)  in  the  leg  joints  ultimately 
resulting  in  the  death  of  the  fly.  Organs  vital  to  the  fly  may  be  altered 
in  shape  and  structure  as  the  result  of  the  presence  of  specific  genes. 
And  finally  a  large  class  of  genes  exists  in  which  each  one  of  them  under 
the  proper  conditions,  when  dominant  or  homozygous,  causes  the  death 
of  the  organism  containing  it  in  its  cells. 

The  distribution  of  these  different  types  of  genes  is  apparently  at 
random  within  the  cell  chromatin.  A  gene  whose  function  it  is  to  assist 
in  producing  a  certain  eye  color  may  have  as  its  known  neighbor  a  gene 
which  causes  death  or  a  gene  which  acts  upon  the  legs,  the  wings,  or 
any  other  part  of  the  body.  Random  chance  alone  seems  to  determine 
the  spatial  order  of  the  different  types  of  genes  within  their  linear  order. 
A  given  gene's  position  within  this  linear  order  is  ordinarily  fixed.  For 
every  known  gene  difference  at  least  two  genes  capable  of  producing 
markedly  different  effects  on  the  same  organ,  or  less  frequently  on 
different  organs,  may  occupy  the  same  position,  locus,  within  the  chromo- 
some. Dividing  the  genes  into  groups  according  to  the  broad  categories 
of  character  changes  which  they  produce  and  according  to  their  location 
within  the  chromatin  structure,  we  have  genes  which  produce  dominant 
or  recessive  characters,  dominant  or  recessive  lethals.  These  may  be 
autosomal  or  sex-linked.  The  presence  of  the  recessive  lethals  is  well 
proved  by  the  study  of  their  genetics.  The  fact  of  dominant  lethal  genes 
has  less,  though  growing,  evidence  in  its  support. 
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Genetic  evidence  on  the  occurrence  of  natural  mutation  seems  to 
show  that  the  frequency  with  which  genes  change  by  mutation  into 
others  which  are  lethal  is  considerably  greater  than  the  frequency  with 
which  they  mutate  to  those  having  visible  nonlethal  effects.  Data  on 
mutation  ratios  of  normal  genes  exposed  to  X-ray  likewise  bear  out 
this  same  conclusion  (12,  25,  27  to  39,  59  to  69,  70,  71,  81). 

Coincident  with  the  genetic  research  but  having  different  per- 
sonnel and  objectives,  investigators  have  used  X-rays  and  radium  in 
medicine,  as  in  the  treatment  of  neoplasms,  and  in  biology,  as  in  study- 
ing abnormal  growths.  In  both  cases  the  end  result  rather  than  the 
process  by  which  this  result  was  attained  was  the  important  considera- 
tion. The  descriptive  facts,  while  at  the  time  seeming  to  give  little 
insight  into  the  real  nature  of  the  changes  or  their  cause,  may  have  more 
significance.  The  series  of  experiments  of  Hertwig  and  his  students 
(41,  42)  showed  that  the  beta  and  gamma  rays  of  radium  can  injure 
the  sperm  or  egg  nucleus  without  destroying  either  cell's  activity  in  the 
fertilization  process.  An  irradiated  sperm  is  motile  and  can  initiate 
development  in  the  normal  egg.  If  a  slight  irradiation  is  given,  it  may 
cause  abnormal  mitosis  with  the  ultimate  death  of  the  egg  it  fertilizes. 
If  more  heavily  irradiated,  it  may  cause  development  to  start  but  play 
no  more  part  in  it,  although  the  development  is  often  quite  normal. 
The  nuclei  in  such  embryos  are  haploid.  A  like  situation  where  the  egg 
nucleus  is  functionally  destroyed  with  the  cytoplasm  remaining  normal 
is  noted  in  irradiated  eggs  of  Chaetopterus  (72).  The  sperm  nucleus 
under  these  conditions  continues  normal  development.  The  nuclear 
material,  chromatin,  is  most  sensitive  to  the  irradiation,  while  the  rest 
of  the  cell  protoplasm  either  takes  a  much  larger  amount  of  energy 
to  affect  it  or  the  cytoplasmic  changes  seen  in  the  later  stages  of  cell 
degeneration  of  irradiated  cells  really  arise  in  previous  nuclear  mutations. 

The  interpretation  of  the  cause  of  death  of  an  organism  irradiated 
by  X-ray  or  radium  as  due  to  the  absorption  of  the  energy  in  discrete 
quanta  within  a  relatively  small  vital  spot  within  the  cell  seems  to  have 
occurred  independently  to  several  investigators  (4,  8,  9,  10,  11,  14,  15, 
17  to  21,  44  to  48,  93  to  97).  The  theoretical  grounds  on  which  this 
reasoning  was  based  arose  largely  in  physical  considerations — the  sig- 
nificance of  the  biological  facts  of  mutation  and  lethal  factors  not  then 
having  been  appreciated.  The  X-rays  were  regarded  as  being  absorbed 
in  tissue  as  discrete  units.  If  a  is  the  probability  that  an  electron  will 
hit  the  object  under  experimentation  and  n  the  number  of  electrons, 
then  the  probability  that  the  object  will  be  hit  just  once  is 

na(\  —  a)""* 

The  probability  that  the  object  will  absorb  r  electrons  out  of  the  n 
possible  is 


QUANTUM  THEORY  OF  RADIATION  ABSORPTIONS  IN  TISSUES     1313 

n{n-  l)(n-2)  •  •  •   (n  -  r  +  1) 
r a^(l  -  a)"-' 

These  considerations  and  the  fact  that  the  number  of  electrons  is  large 
compared  with  the  number  required  to  kill,  r,  lead  to  Poisson's  law 
as  the  general  theorem  to  describe  these  results 

Or  for  the  case  when  one  electron  absorption  will  suffice  to  produce  the 
observed  result,  the  number  of  experimental  objects  escaping  the  electrons 
will  be 

This  curve  plots  as  a  straight  line  on  the  semilogarithmic  grid.  When 
two  absorptions  are  necessary,  the  ratio  of  those  showing  no  effect 
to  the  original  number  is  A2/A0  and  equals  e~""(l  +  an).  This  curve 
plots  as  a  convex  curve  on  the  semilogarithmic  grid.  Or  where  r  absorp- 
tions are  necessary,  the  ratio  is 

Ar/Ao  =  e-«"[l  +  an  +  Hian^  +  •  •  •  l/|r  -  Ijany-'] 

Values  of  r  as  high  as  50  have  been  noted  in  data  taken  from  different 
experimental  objects,  depending  sometimes  on  the  material  and  at  others 
on  the  technique.  The  simplest  type  of  curve  where  but  one  absorption 
is  necessary  for  death  is  seen  for  certain  bacteria,  Drosophila  sperm,  and 
possibly  Antirrhinum  pollen,  when  exposed  to  X-ray.  Figure  1  shows 
data  taken  from  Wyckoff  (93,  93a,  94,  96)  which  demonstrate  the  linear 
nature  of  the  death  rates  (on  the  semilogarithmic  grid)  of  B.  coli  when 
they  are  exposed  to  electrons  of  the  cathode-ray  tube  or  irradiation  from 

o 

X-rays  of  0.564-  to  3.98-A  wave-lengths  or  ultra-violet  radiation  in  the 
range  2536  to  3132  A.  In  all  cases  the  curves  pass  through  the  point  of 
0  treatment  at  the  100-per-cent  survival,  there  being  no  lagging  of  the 
deaths  in  the  range  of  the  lower  doses. 

More  complex  types  of  survival  curves  have  been  noted  for  many 
experimental  objects.  These  types  may  arise  from  several  causes,  one  of 
the  most  prevalent  of  which  is  the  many-celled  character  of  the  material. 
Wyckoff  and  Rivers  (96)  have  shown  that  if  the  cells  of  B.  coli — which 
give  the  simple  straight-line  curves  of  Fig.  1  when  they  are  distributed  as 
single  cells  over  the  culture  plate  at  irradiation — are  incubated  a  short 
time  so  that  each  cell  becomes  a  tiny  colony  of  two  or  more  cells,  the 
survival  curve  of  such  a  population  on  irradiation  with  cathode  rays  is  no 
longer  a  straight  line  on  the  arithlog  grid  but  a  convex  curve  having  a  low 
initial  death  rate  with  a  subsequent  rapid  increase  after  the  short  lag 
period.  The  two  or  more  cells  in  each  colony  which  must  be  killed  before 
that  individual  may  be  recorded  as  dead  by  the  X-ray  obviously  require 
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at  least  two  absorptions  before  death  takes  place.  The  published 
survival  curves  for  organisms  like  staphylococci  which  experience  has 
shown  to  be  difficult,  if  not  impossible,  to  separate  into  individual  cells 
before  irradiating  seem  to  have  a  like  interpretation.  The  many-celled 
nature  of  the  material  also  affects  the  curves  for  small  pieces  of  tumor 
tissue,  bean,  sunflower,  and  mustard-root  tips  (21,  21a),  or  Drosophila 
eggs. 

Other  multiple-absorption  curves  apparently  cannot  be  accounted  for 
by  the  numbers  of  cells  which  compose  the  objects  irradiated,  since  the 
objects  seemed  to  be  in  a  single-celled  stage  [yeast  (20),  alga  (54a), 
Rhizopus  spores  (55),  ascaris  eggs  (6),  and  the  protozoan  Colpidium 
colpoda  (10)].  In  accounting  for  the  survival  curve  of  Colpidium, 
Crowther  (10)  showed  that  the  long  delay  in  the  time  between  the  com- 
mencement of  exposure  to  the  X-rays  and  the  beginning  of  the  deaths 
was  explicable  on  the  assumption  that  more  than  one  absorption  in  the 
vital  spot  was  necessary  to  cause  death,  the  least  number  of  absorptions 
which  he  considers  sufficient  being  49.  In  yeast,  Glocker,  Langendorff, 
and  Reuss  (20)  consider  five  absorptions  necessary  to  kill.  For  alga, 
Langendorff  and  Reuss  allow  three  absorptions,  and  for  Ascaris  four  to 
six  are  considered  necessary  in  the  Braun  and  Holthusen  data  (6). 
Illustrations  of  these  multiple-absorption  types  of  survival  curves  are 
shown  in  Fig.  2. 

Glocker  and  Reuss  (21)  have  utilized  both  hypotheses,  the  many- 
celledness,  and  the  necessity  for  multiple  absorption,  to  explain  the 
mechanism  by  which  certain  of  their  experimental  survival  curves  are 
derived.  They  have  also  adopted  the  idea  that  the  wave-length  of  the 
incident  beam  plays  a  part  in  the  severity  of  the  effect  produced.  In 
data  on  the  root  tips  of  the  horse  bean,  sunflower,  and  mustard  seeds, 
they  were  able  to  show  a  difference  between  survival  curves  of  these 
objects  when  the  wave-lengths  of  the  incident  beam  were  0.56  and 
1.54  A.  These  curves  were  centered  on  the  point  of  50  per  cent  survival 
and  the  dose  scale  converted  to  a  ratio  of  the  actual  dose  divided  by  the 
50  per  cent,  q/}/2Q-  At  the  shorter  wave-lengths  the  roots  died  more 
slowly  at  first,  then  more  rapidly  than  those  of  the  1.54  A.  The  differ- 
ences are  generally  small,  though  rather  consistent.  The  method  of 
presenting  the  data  only  in  graphs  does  not  allow  the  estimation  of  their 
statistical  significance.  The  effect  of  the  wave-length  is  not  seen  in 
other  forms,  bacteria,  yeast,  an  alga,  .4  scam,  or  Drosophila  eggs. 

The  wide  variation  in  the  survival  curves  of  the  different  species 
(Fig.  2)  shows  that  pronounced  differences  exist  between  living  forms  and 
their  reactions  to  irradiation.  This  variation  in  the  sensitivity  of  species, 
due  to  the  normal  biological  variations  of  inheritance  or  environment,  has 
suggested  to  several  investigators  that  like,  though  possibly  smaller, 
biological  variations  account  for  the  form  of  the  survival  curve  within 
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species  (76,  97).  The  analysis  of  this  problem  requires  rather  special 
material  having  a  broad  background  of  embryological,  cytological,  and 
genetic  information.  The  facts  of  particular  experiments  can  then  find 
their  proper  place  in  the  interpretations  assigned  to  the  experiments. 
Such  material  is  limited,  the  best  available  being  Drosophila. 

The  physical  hypotheses  adopted  to  account  for  irradiation  effect 
on  tissue  universally  consider  the  cell  as  containing  a  sensitive  spot 
within  which  the  X-ray  absorptions  are  to  occur  if  death  is  to  result. 
Genetic  considerations  suggest  that  this  concept  be  modified  to  accom- 
modate the  evidence  described  earlier.  The  chromatin,  as  shown  by  the 
experiments  of  Hertwig  (41,  42),  is  the  most  sensitive  material  of  the  cell 
to  irradiation.  Radiant  energy  may  affect  this  material  and  some  of  its 
constituents  in  various  ways.  It  may  cause  mutation  of  the  genes  to 
others  having  different  effects,  or  it  may  break  the  connection  between 
genes  with  the  result  that  the  reorganized  chromosome  has  a  quite  differ- 
ent constitution  from  that  of  the  original.  It  may  affect  the  mechanism 
of  meiosis  and  result  in  abnormal  germ  cells.  Different  as  the  effects  are, 
they  are  all  localized  in  minute  space,  suggesting  the  sphere  of  influence 
of  an  electron  absorption.  Genetic  methods  show  that  these  effects  may 
be  localized  within  any  part  of  the  chromatin.  They  need  not  be  lethal, 
although  they  often  alter  the  genes  to  make  them  so.  Biologically  the 
sensitive  spot  of  the  physical  concept  becomes  many  sensitive  spots  within 
the  chromatin.     The  reasoning  from  probability  will  still  apply,  however. 

To  produce  death  in  the  object  irradiated  it  is  necessary  to  injure  the 
cell  so  that  it  will  no  longer  function  properly  in  division  and  develop- 
ment. This  injury  would  appear  to  be  in  the  nature  of  a  gene  change 
to  convert  it  into  a  dominant  lethal  similar,  save  for  its  dominance,  to  the 
observed  recessive  lethals  responsible  for  death  in  the  second  generation. 
This  view  receives  support  from  the  fact  that  the  sex  ratios  of  the  progeny 
of  irradiated  sperm  fertilizing  normal  .eggs,  or  of  irradiated  sperm  fertiliz- 
ing attached  X-eggs  in  Drosophila,  behave  as  they  should  if  such  dominant 
lethals  were  produced.  The  effect  on  the  sex  ratio  in  forms  like  D. 
obscura  having  a  large  X-chromosome  is  greater  thau  in  forms  with  a 
small  sex  chromosome.  This  evidence  is  not  completely  critical,  however, 
for  defects  produced  in  the  chromosome  framework  rather  than  the  genes 
could  account  for  the  result.  It  is  more  difficult  to  account  for  the  follow- 
ing evidence  except  by  the  production  of  dominant  lethal  mutations. 
The  sex  chromosome  of  D.  melanogaster  is  known  to  have  one-half  to  two- 
thirds  of  its  length  empty  of  genes  (26,  78).  It  is  however,  possible  for 
this  chromosome  to  break  and  reattach  to  another  chromosome,  the 
break  occurring  within  the  empty  (?)  region.  If  we  assume  that  the 
lethal  effects  of  irradiation  are  due  to  chromatin  aberrations  as  against 
dominant  lethal  gene  mutations,  then  we  would  expect  that  the  propor- 
tion of  such  abnormalities  would  be  in  the  ratio  of  the  chromatin  in  the 
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sex  chromosome  to  the  total  chromatin.  In  the  other  hypothesis,  if  the 
deaths  are  due  to  dominant  lethal  mutations  of  genes  present  in  the  sex 
chromosome,  the  proportion  would  be  quite  different,  the  ratio  of  sex- 
linked  gene  material  to  the  gene  material  in  the  other  chromosomes.  The 
data  show  that  the  proportion  of  the  deaths  attributable  to  the  sex 
chromosome  is  only  about  one-third  of  those  expected  were  they  com- 
parable with  those  found  due  to  all  the  chromatin.  This  evidence  conse- 
quently favors  the  hypothesis  of  dominant  lethals  as  the  cause  of  deaths 
due  to  radiant  energy  (25). 

Energy  of  the  alpha  particle,  cathode  ray,  gamma  ray,  X-rays,  ultra- 
violet radiation,  and  of  heat  is  capable  of  making  the  different  categories 
of  gene  and  chromosome  changes,  visible  mutations,  dominant  or  reces- 
sive, lethal  mutations,  broken  and  reorganized  chromosome,  and  irregular 
meiotic  separations.  The  alpha  particles  have  produced  only  somatic 
modifications  resembling  the  effects  commonly  noted  in  gene  muta- 
tions (36) .  Cathode  rays  in  preliminary  experiments  of  the  writer  caused 
mutations  (see  also  56).  Gamma  rays  and  X-rays  are  both  effective 
in  causing  mutations  of  all  types.  Ultra-violet  radiation  seems  to  be 
capable  of  making  gene  mutations,  provided  it  can  penetrate  to  the  germ 
cells.  In  the  first  work  on  Drosophila  (1)  and  Antirrhinum  (89a)  no 
effect  of  ultra-violet  was  reported.  Wild-type  flies  and  buds  were  treated 
in  these  experiments.  Later  experiments  (1,  89)  designed  to  allow  the 
ultra-violet  energy  to  reach  the  germ  cells  and  not  be  absorbed  by  the 
somatic  tissue  have  shown  clearly  that  energy  of  this  wave-length  is 
capable  of  causing  mutation.  Similar  mutations  due  to  heat  have  been 
recorded  (22,  50,  62,  84,  85).  Recessive  lethal  mutations  furnish  what  is 
perhaps  the  best  measure  of  these  effects.  The  rates  at  which  these 
lethals  are  produced  in  the  sex  chromosome  for  X-rays  and  radium  of 
different  ionization  strengths  are  shown  in  Fig.  3. 

Drosophila  males  containing  mature  sperm  were  irradiated  in  each 
case.  The  percentage  of  lethal  mutations  obtained  per  electrostatic  unit 
was  least  with  the  gamma  rays  of  the  radium  and  greatest  with  rays  from 
a  tungsten  target  filtered  through  0.5  mm.  of  aluminum.  Within  any  one 
experiment,  the  curve  for  the  percentage  of  sex-linked  lethal  mutations 
produced,  plotted  against  amount  of  irradiation  on  the  arithlog  grid, 
takes  its  origin  at  the  0  dose  and  100  per  cent  survivors.  The  lines  formed 
by  the  mutation  rates  against  dosage  are  straight.  These  facts  point  to 
the  interpretation  that  one  absorption  in  the  genes  is  sufficient  to  alter  it 
to  one  of  another  type.  The  range  of  wave-lengths  for  which  this  is  true 
varies  from  0.01  A  for  the  gamma  rays,  0.7  A  for  the  tungsten-target 
tube,  1.5  A  for  the  copper-target  tube,  and  2.2  A  for  the  chromium-target 
tube.  Radiant  energy  of  the  shortest  wave-lengths,  gamma  rays,  and 
of  the  longest  wave-lengths,  copper  and  chromium  (1.537  and  2.23) 
produced  mutations  at  lower  rates  than  did  those  of  intermediate  wave- 


QUANTUM  THEORY  OF  RADIATION  ABSORPTIONS  IN  TISSUES     1319 


saOAiAuns  imo  «3d 


o 

CO 

U3 

n 

(\j 

o 

CO 

vfl 

o 

(7> 

0> 

o> 

o» 

CTv 

CO 

CO 

CO 


o 

<D 


SdOAIAanS  1N30   d3d 


1320  BIOLOGICAL  EFFECTS  OF  RADIATION 

lengths.  Between  the  curve  for  chromium  and  the  curve  of  Demerec  for 
tungsten  He  the  results  of  the  other  investigators.  This  broad  variation 
from  a  curve  of  a  slope  of  g-°»"*-^*-  ^q  one  of  g-'^" ^•*"-  naay  ^n  part  be 
accounted  for  by  inaccuracies  in  measuring  the  ionization  dose.  This 
explanation  does  not  seem  likely  for  the  data  of  Hanson  on  gamma  rays, 
of  Demerec  with  tungsten,  or  of  those  for  the  copper  and  chromium. 
Two  other  possibilities  of  accounting  for  this  variation  suggest  themselves : 
(o)  The  absorption  of  energy  within  the  fly  tissues  before  the  sperm  are 
reached  may  be  rather  high  in  the  long  wave-lengths.  This  fact  could 
bring  this  material  nearer  the  observations  on  the  heterogeneous  rays  of 
tungsten,  although  in  view  of  the  direction  of  the  differences  between  the 
copper  and  chromium  results,  this  interpretation  would  appear  unlikely. 
It  will  furthermore  not  account  for  the  gamma-ray  data.  (6)  The  second 
possibility  is  that  chromatin  may  have  a  band  specific  absorption  for 

o 

X-rays  in  the  tungsten  region,  0.7  A.  This,  too,  seems  unlikely.  The 
explanation  of  these  variations  needs  more  extended  data  from  the  same 
laboratory  where  under  like  conditions  radiant  energy  over  a  wide  range 
of  wave-lengths  may  have  its  effects  determined. 

The  curves  of  Fig.  3  are  all  of  a  form  which  suggest  that  a  single 
absorption  in  a  gene  is  sufficient  to  produce  a  mutation.  This  fact  is 
further  borne  out  by  genetic  evidence.  The  mutation  of  one  gene, 
although  it  is  itself  small,  generally  has  no  effect  on  other  genes  so  far  as 
the  writer's  evidence  has  shown  (25).  The  occurrence  of  other  mutations 
within  a  chromosome  is  the  result  of  other  random  absorptions.  The 
development  of  the  sperm  (although  it  is  generally  haploid)  sometimes 
leads  to  the  growth  of  the  genes  and  their  splitting  into  two  new  ones. 
Evidence  is  available  to  show  that  despite  the  close  proximity  of  these  two 
genes  one  may  be  affected  by  X-ray  while  the  other  remains  unchanged 
(25,  59,  61).  The  average  sphere  of  action  of  the  rays  is  therefore  small, 
as  it  should  be  by  physical  theory.  Different  genes  within  the  chromo-" 
some  are,  of  necessity,  close  together.  Muller  (66)  has  stated,  although 
without  presenting  data,  that  in  his  opinion  a  gene  next  to  one  which 
mutated  also  mutated  more  frequently  than  it  should  by  chance.  From 
this  fact  he  has  argued  that  mutation  may  be  in  the  nature  of  a  chain 
reaction  where  the  energy  only  starts  a  process  capable  of  spreading  to 
other  close  genes.  He  considers  that  the  ions,  even  taking  the  chance 
straight  path  which  they  sometimes  do,  would  be  unable  to  reach  both 
genes  because  the  distance  is  thought  to  be  too  great.  The  data  on 
which  this  hypothesis  is  built  are  quite  naturally  scanty  at  this  stage  of 
the  work.  In  the  writer's  own  research,  where  the  foregoing  possibility 
was  clearly  in  mind  during  the  experiment,  no  evidence  in  its  support 
was  obtained.  For  the  present  at  least  the  direct-action  theory  as  the 
method  by  which  the  X-rays  produce  their  effects  seems  adequate. 
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By  accepting  certain  hypotheses,  the  nature  of  which  will  be  made 
clear,  it  is  possible  to  arrive  at  an  estimate  of  the  number  and  maximum 
size  of  the  genes,  the  total  volume  of  which  makes  up  the  sensitive  spot 
(of  the  physical  interpretation)  within  the  irradiated  cell  of  Drosophila 
(25).  From  our  experiments  we  obtained  as  the  result  of  X-ray  muta- 
tion, 44  sex-linked  mutations  producing  consistent  visible  effects  and 
having  a  viability  of  20  per  cent  or  more.  In  the  same  material  320 
sex-linked  mutations  having  a  viability  of  less  than  20  per  cent  were 
observed,  a  ratio  of  1:7.3  The  44  visible  mutations  allow  us  to  form 
an  idea  of  the  number  of  these  genes  within  the  sex  chromosome.  As  a 
first  approximation  we  shall  assume  that  all  genes  are  equally  likely  to 
mutate,  a  proposition  which,  if  it  errs,  (88)  will  be  on  the  side  of  giving 
us  too  few  genes  rather  than  too  many  and  consequently  too  large  a  size 
for  the  average  gene. 

Two  samplings  have  been  made  from  this  total  population  of  loci. 
The  first  sampling  followed  the  period  of  years  during  which  the  evidence 
for  the  existence  of  any  of  the  loci  came  as  the  chance  occurrence  of 
natural  mutations.  Morgan,  Bridges,  and  Sturtevant  (58)  have  tabu- 
lated these  genes.  The  sex-chromosome  genes  of  this  series,  comparable 
to  the  44  which  we  have  described  before,  fall  into  42  loci.  If  this  same 
population  of  genes  is  sampled,  the  chance  of  obtaining  a  gene  occupying 

42 

any  one  of  these  loci  in  one  draw  is  thus  ,    .    ,  . — .  ^  ..- 

The  experiment  showed  6  proven  identical  loci  and  8  very  probable 
identical  loci,  or  14  in  all.     The  experimental  results  set  the  answer  to 

42 
the  above  equation  as   14;       ,    ,  , — .        ..  =  14,   or  total  loci  =  132. 

Thus  the  sex  chromosome  may  contain  132  genes  which  can  undergo 
rather  easily  detectable  and  fairly  viable  mutations.  It  may  be  argued 
that  only  the  6  proven  allelomorphs  should  be  used  in  the  calculation. 
This  would  lead  to  an  estimate  of  the  number  of  loci  as  308.  Other 
methods  of  estimating  the  number  of  these  genes  give  like  results.  One 
hundred  and  seventy-five  was  adopted  as  a  fair  estimate  of  the  number. 
There  would  thus  be  175  X  7.3,  or  1280,  genes  with  a  viability  of  less 
than  20  per  cent  on  mutating.  But  the  minimum  estimate  of  132,  or 
950  loci,  may  be  nearer  the  true  total,  since  Muller's  (66)  data  by  like 
technique  lead  to  about  700  loci,  and  Demerec's,  by  a  different  approach, 
to  500. 

The  size  of  the  sex  chromosome  on  measurement  was  found  to  be 

length  1.56  X  lO""  cm.  X  breadth  0.33  X  10-"  cm.,  or  5.148  X 

10"^  cm.^  in  area. 

To  find  the  total  number  of  absorptions  of  the  sex  chromosome  with 
rays  of  this  strength  we  may  proceed  as  follows :  In  our  experiment  with 
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copper  radiation  148.7  electrostatic  units  were  given  per  sec. /cm. ^  in 
1  cm.  of  air. 

The  number  of  ion  pairs  per  sec./cc.  at  the  position  of  the  irradiated 
sex  chromosome  is  consequently  148.7  X  electrons  in  one  electrostatic 
unit,  or  0.21  X  lO^"  ion  pairs /sec.  =  3.12  X  10^^  ion  pairs/sec./cc. 

For  material  composed  of  atoms  of  low  atomic  weight  these  absorption 
coefficients  vary  directly  with  the  density  of  the  substance.  If  this 
conclusion  is  applied  to  chromatin,  the  amount  of  absorption  per  sex 
chromosome  is 

3.12  X  10^^  X  1.70  X  IQ-^'^  X  1.00  _ 
1.00  X  1.165  X  10-3 

45.5  ion  pairs/sec.  per  sex  chromosome. 

Since  direct  measurement  of  the  dimensions  of  the  sex  chromosome  are 
1.56  X  10"*  cm.  long  and  0.33  X  10"^  cm.  wide,  hence — considering  the 
sex  chromosome  a  rectangular  block  of  chromatin — the  volume  is 
1.70  X  10~^3  cc.  The  density  of  chromatin  is  assumed  to  be  1.00  and 
the  density  of  the  air  at  the  temperature  used  is  1.165  X  10-^. 

In  order  to  obtain  the  number  of  X-ray  quanta  absorbed  per  second 
it  is  necessary  to  know  how  many  ions  are  liberated  by  one  quantum 
absorbed  in  air.  The  best  available  measurements  (Kulenkampff,  51) 
show  that  X-rays  of  the  quality  used  require  about  35  volts  for  each 
electron  pair.  The  voltage  equivalent  of  the  K  —  a  lines  of  copper  fol- 
lows from  the  quantum  relation:  Voltage  (in  kv.)  =  12.34/wave-length 
of  copper  X-rays  (1.537)  =  8.029  kv. 

The  number  of  ion  pairs  arising  through  the  absorption  of  one  quantum 
of  Cu  K  —  a  X-rays  is  8,029/35  =  229.  The  average  number  of  quan- 
tum absorptions  per  second  is  45.5/229  =  0.199. 

The  average  number  of  absorptions  which  actually  produced  mutation 
was  determined  from  the  experimental  data  by  fitting  the  curve  pre- 
viously derived,  survival  =  e~"'\  to  the  actual  data  by  the  method  of 
least  squares.     The  resulting  curve  was  Y  =  e-°°'  ^^^'. 

If  the  sex  chromosome  was  entirely  composed  of  vital  recessive  genes 
then  every  hit  would  be  expected  to  kill,  or  the  rate  of  killing  with  time 
should  be  0.199  per  second.  The  exponent  0.00165  per  second  for  the 
actual  data  shows  that  this  is  not  the  case.  The  chance  of  hitting  the 
vital  volume  within  the  sex  chromosome  clearly  decreases  as  its  volume 
relative  to  the  whole  sex  chromosome  becomes  less.  The  theoretical 
absorption  0.199  per  second  represents  the  whole  volume.  The  effective 
absorption  0.00165  represents  the  vital  volume.  Their  ratio,  1.0:  0.00829, 
represents  the  whole  volume  compared  with  this  vital  volume.  In  other 
words,  the  sex-chromosome  volume  has  829  hundred-thousandths  of  its 
volume  composed  of  vital  dominant  genes.  Since  there  are  1280  of  these 
genes,  the  average  size  of  one  of  them  would  be 
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1.70  X  10-13  X  8.29  X  10-3 


1280 


=  1.1  X  10-18  cc. 


The  figure  1.1  X  IQ-^^  cc.  is,  of  course,  not  the  gene  volume  but  rather 
the  purely  physical  space  within  which  the  absorption  is  effective.  The 
gene  could  not  well  be  larger  than  this  volume  but  easily  could  be  smaller. 
A  calculation  adopting  a  somewhat  different  approach  and  coming  to  a 
somewhat  larger  figure  has  also  been  made  by  Blackwood  (3)  on  MuUer 
and  Altenburg's  data. 

The  number  of  different  genes  which  might  be  discovered  through 
alterations  produced  by  X-ray  in  a  Drosophila  sperm  would  be  of  the 
order  of  15,000  to  30,000.  The  number  of  loci  in  any  one  sperm  would 
be  9000  to  15,000.  These  estimates  are  larger  than  those  derived  from 
Muller's  or  Demerec's  data.  They  are  also  four  times  larger  than  the 
estimates  of  the  number  of  gene  loci  based  on  the  supposition  that  the 
bands  of  the  salivary  gland  chromosomes  represent  loci  of  particular 
genes. 

The  foregoing  analysis  suggests  the  manner  in  which  the  total  number 
of  gene  loci  within  an  organism  may  be  estimated.  It  suffices  to  say  here 
that,  depending  on  certain  assumptions,  the  numbers  necessary  to  this 
small  fruitfly  seem  to  be  not  lower  than  2000  or  more  than  15,000. 
The  magnitude  of  either  of  these  numbers  is  entirely  sufficient  to  show  the 
complexity  and  importance  of  the  sensitive  spot  in  the  physical  concept. 
Possibly  all  these  loci,  with  their  contained  genes,  are  essential.  Cer- 
tainly the  rarely  occurring  natural  mutations  or  the  more  rapidly  pro- 
duced mutations  due  to  X-rays  show  that  but  8  to  17  per  cent  of  these 
genes  may  be  mutated  and  support  life. 

It  may  be  asked  how  the  change  in  susceptibility  of  an  object  to 
X-rays  may  be  related  to  such  a  theory.  In  other  words,  what  may  be 
the  biological  basis  for  the  variation  in  sensitiveness  of  different  materials? 
The  Drosophila  egg  is  worth  discussing  from  this  viewpoint  since  so  much 
is  known  about  it.  The  death  rates  of  these  eggs  and  of  Drosophila  sperm 
are  shown  in  Fig.  4. 

The  Drosophila  eggs  at  2  hr.  after  laying  are  much  more  sensitive 
to  the  X-rays  than  are  the  sperm.  The  two  graphs  for  the  sperm  show 
a  fairly  wide  divergence  in  their  results,  perhaps  nearly  the  extremes, 
similar  to  that  seen  in  the  recessive  lethals.  The  egg-survival  curves 
show  a  distinct  curvature,  whereas  the  curves  for  the  sperm  are  straight 
lines  when  plotted  on  the  semilogarithmic  grid.  From  this  fact  we 
would  infer  that  the  egg  requires  more  than  one  absorption  in  the  vital 
areas  whereas  the  sperm  needs  but  one  to  kill.  Drosophila  eggs  are 
about  0.5  mm.  long  and  0.2  mm.  in  width  and  depth.  The  nuclei  within 
them  are  diploid.  In  view  of  the  fact  that  all  eggs  hatching  earlier  than 
18  hr.  are  discarded,  it  would  seem  that  the  eggs  making  up  these  data 
are  at  most  only  at  the  few-celled  stage  when  they  are  laid.     The  time 
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necessary  for  a  division  of  the  nuclei  is  according  to  Huettner  (49)  10  min. 
at  23°C.  Packard  (75)  places  the  time  at  1  hr.  at  13°C.  and  15  min.  at 
28°C.  The  numbers  of  nuclei  in  the  eggs  would  increase  in  geometrical 
ratio  with  time.  If  the  cause  of  death  in  irradiation  is  the  production  of 
dominant  lethal  mutations,  the  susceptibility  of  the  egg  should  change 
from  the  time  it  is  in  the  single-nucleus  stage,  when  theoretically  it  should 
be  twice  as  susceptible  as  the  sperm,  to  double  the  susceptibility  at  each 
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FiQ.  4.— Survival  curves  for  Drosophila  eggs  (at  1  to  3  hr.  from  laying) ,  chromatin  diploid, 

and  sperm,  chromatin  haploid. 


rhythm  of  cell  division  provided  each  nucleus  is  essential  to  further  devel- 
opment. According  to  Packard's  work,  the  Drosophila  eggs  do  increase 
in  sensitivity  until  they  are  most  sensitive  at  2  hr.  from  laying,  when 
they  become  less  sensitive.  This  becoming  less  sensitive  seems  also  to 
have  a  meaning  in  the  course  of  development.  Patterson  (79,  80)  and 
Gowen  (23)  showed  that  the  anlage  of  the  adult  eye  of  Drosophila  was  in 
the  one-celled  stage  not  longer  than  12  hr.  after  the  egg  was  laid  and 
very  possibly  less  time  than  that.  If  the  vital  organs  differentiate  even 
more  rapidly  so  that  they  become  two-celled  early  in  development, 
requiring  that  both  be  destroyed  to  cause  the  egg's  death,  then  a  multiple- 
absorption  curve  will  be  necessary  to  account  for  the  observed  deaths. 
This  increase  gives  the  appearance  of  increased  resistance  of  the  cell  to 
X-rays  after  such  a  critical  period  is  passed.     The  data  are  not  accurate 
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enough  for  an  exact  quantitative  comparison.  The  Drosophila  survival 
curve  apparently  requires  r  of  our  earHer  formula  to  be  3  or  4.  That  is, 
the  most  susceptible  period  is  somewhat  past  the  stage  when  the  destruc- 
tion of  any  nuclei  is  fatal.  If  the  rates  of  death  are  compared  it  is  found 
that  to  have  an  equally  sensitive  volume  to  that  of  the  egg  would  take 
as  a  target  something  over  a  hundred  sperm.  The  stage  of  development 
of  these  eggs  is  unknown,  but  it  seems  unlikely  that  it  is  less  than  the  2^ 
nuclei,  or  the  stage  when  the  chromatin  volume  of  the  egg  would  equal 
that  required  for  the  sensitivity  indicated.  The  maximum  number  of 
nuclei  at  this  stage  would  seem  to  be  2^^.  The  same  line  of  reasoning 
will  account  for  the  increase  in  susceptibility  of  the  eggs  with  the  tem- 
perature at  which  they  are  previously  developed. 

The  foregoing  discussion  of  the  relative  mortalities  of  the  Drosophila 
egg  and  sperm  is  presented  only  to  show  the  manner  in  which  well-known 
biological  factors  might  affect  susceptibility  to  X-rays  if  the  rays  affected 
the  cell  in  the  manner  here  discussed.  There  is  one  piece  of  evidence 
which,  unless  the  biological  fact  of  decreased  vitality  through  age  or 
some  such  variable  accounts  for  the  observed  facts,  would  mitigate 
against  the  theory  of  the  direct  effect  of  X-rays  as  due  to  random  absorp- 
tion in  a  relatively  limited  area  of  the  chromatin.  Hanson  and  Heys 
(37)  have  shown  that  males  which  are  irradiated  wdth  the  same  dose  in 
r-units  and  time  at  birth,  6,  12,  18,  24,  and  32  days  of  age,  show  a  pro- 
gressively declining  rate  of  mutation;  13.8,  11.3,  8.9,  5.8,  2.1,  and  0.6  per 
cent,  respectively.  No  analysis  of  the  reasons  behind  this  decline  in 
observed  mutation  is  presented. 

SUMMARY 

This  paper  discusses  the  biological  aspects  of  the  quantum  theory 
of  radiation  absorptions.  The  genetic  results  for  X-ray  treatments 
show  that  the  X-rays  produce  their  effects  on  chromatin  in  minute 
localized  volumes.  These  volumes  are  of  the  order  of  1  X  10~^^  cc.  and 
may  number  2000  to  15,000  to  the  cell. 
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Aberrations,    chromosomal,    in    animals, 

1167-1208 
Absorption,    curves,    interpretation    of, 
54;  X-ray,  48,  52 
of  energy,   ionization,   307;  by  green 

leaves,  779,  841 
of  infra-red,  by  chlorophyll,  843 
of  light,   by  anthocyanins,    1116;  by 

atoms,  15 
lines,  theory  of,  19 
quantum  theory  of,  1311 
of  radiation,  263;  by  proteins,  305 
of  salts,  by  roots,  in  re  spectral  regions, 

778 
spectra,    258;    of    bacteria,    1130;    of 
chloroplast  pigments,   1027-1032; 
continua  in,  18;  of  enzymes,  1153, 
1158,  1159 
of  ultra-violet,  by  plant  tissues,  874; 

by  proteins,  305 
in  X-ray  region,  22 

of  X-rays  and  radium  rays,  by  proteins, 
307 
Activation,  of  ergosterol,  by  ultra-violet, 
323;    discovery    of,    324;    physical 
chemistry  of,  327 
of  molecules,  253,  256 
Adrenals,  irradiation  of,  505 
Age,  radiation  and,  with  bacteria,  1135; 

with  fungi,  893,  902,  907 
Agglutinins,  irradiation  of,  367,  375 
Agriolimax,  response  to  light,  594 
Air  mass,  definition  of,  212 
Alexin,  inactivation,  by  ultra-violet,  356; 
by  X-rays  and  radium,  357 
irradiation  in  vitro,  355-364;  theoreti- 
cal aspects,  358 
irradiation  in  vivo,  371 
Alpha    particles,    biological    effects    of, 
559-572;  on  macroscopic  structures, 
562;  on  cells  and  cell  organs,  564 
ionization  by,  559,  568 


Alpha  particles,  properties  of,  559 

sources  of,  560 
Alterations,  induced  chromosomal,  1281- 

1295 
Amoeba,  response  to  light,  573 
Amphibia,  regeneration,   437;  effects  of 
radium   on,   438;  effects  of  X-rays 
on,  438 
Anaphylaxis,  355,  370 
Anatomical  effects,  in  re  photoperiodism, 

692 
Aneuploidy,  in  plants,  1281,  1291 
Angstrom,  defined,  13 
Anthocyanin,  absorption  bands  of,  1116 
formation,    1113;    carbohydrate    and, 
1110;     environment    and,     1112; 
radiation    and,    1109-1118;    tem- 
perature   and,    1113;    ultra-violet 
and,   878;  visible  spectrum   and, 
777 
light  transmission  of,  1116 
pigments,  110^1118 
visible  light  and,  1110 
Antibodies,  irradiation  of,  364-370,  372- 

378 
Antigens,  irradiation  in  vitro,  bacterial, 
353;  protein,  354;  tuberculin,   352; 
venoms,  344;  Wasserman,  353 
Antirachitic  vitamin,  324 
Antitoxins,  370,  376 
Arenicola,  response  to  light,  587 
Arthropods,  color  vision  of,  599;  orienta- 
tion of,  597;  response  to  light  of,  595 
Auxin,  1086 


B 


Bacteria,  effects  of  radiation  on,    1119- 
1149;   sunlight,    1120;    ultra-violet, 
1121;   visible   light,    1127;    X-rays, 
1135 
fluorescence  of,  1139 
influence  of  pH  in  irradiation,  1128;  of 
temperature,  1127 
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Bacteria,  mitogenetic  radiation  and,  929; 
as  detectors,  929;  as  senders,  941 
photodynamic  agents  and,  1140 
photosynthesis  in,  1042,  1050 
pigments  of,  1032 
relative  sensitivity  to  radiation,  1133 

Bacterial  toxins,  irradiation  of,  347 

Bacteriochlorophyll,  1032 

Bacteriological  media,  effects  of  radia- 
tion, 1129 

Bacteriolysins,  366,  373 

Bacteriopurpurin,  1031 

Beer's  law,  260 

Bergonie  and  Tribondeau,  law  of,  402, 
411,  419,  421,  426,  429,  452 

Biological  effects,  and  ionization,  87-122 

Black  body,  135;  absolute  source,  140; 
brightness  of,  141;  emission,  126, 
137,  139;  laws,  135,  136,  138;  radia- 
tion, 257 

Blackman  reaction,  1032, 1040, 1041, 1043 

Blood  cells,  633,  642,  644 

Blood  pressure,  502 

Blood  vessels,  irradiation  of,  481 

Body  (general),  irradiation  of,  491 

Body  system  and  organs,  effects  of 
irradiation  of,  473-539 

Bone  and  cartilage,  irradiation  of,  509; 
teeth,  510 

Bud  abscission,  by  X-rays,  976 

Bulbs,  formation  of,  in  re  photoperiodism, 
689 

Bunsen-Roscoe  law,  fungi  and,  892; 
motor  responses  and,  575,  597 


Calciferol,  323,  329-331 

Calcium,  647,  650;  release  b.y  irradiation, 
648,  650 

Carbohydrate,  and  anthocyanin  forma- 
tion, 1110 

Carbon  arc,  184 

Carotcnoids,  accompanying  chlorophyll, 
1102 
influence  of  light  on  formation  of,  1022 
optical  properties  of,  1029 
photosynthesis  and,  1021 

Casparian  rings,  830 

Chaetopoda,  regeneration,  432;  effects  of 
radium  on,  435;  effects  of  X-rays  on, 
435 


Chain  reactions,  268 

Charge,  surface,  640 

Chemical  change,  measurement,  in  a 
photochemical  process,  277 

Chemical  kinetics,  266 

Chemiluminescence,  264 

Chlorophyll,  addition  compounds  of, 
1042;  condition  in  chloroplast,  1093; 
content,  in  re  photosynthesis, 
1035;  effects  of  ultra-violet  on,  1099; 
fluorescence  of,  1030,  1044,  1093; 
infra-red  absorption  and,  843;  molar- 
extinction  coefficient  of,  1099;  optical 
properties  of,  (leaves)  779-787, 
1027-1030;  photoactivity  of,  1099; 
precursors  of,  1018;  role  in  photo- 
synthesis, 1041;  structure  of,  1041; 
yellow  pigments  accompanying,  1102 

Chlorophyll  formation,  effects  of,  dark- 
ness on,  1097;  light  on,  1015-1021; 
light  intensity  on,  735,  745;  radia- 
tion on,  1093-1108;  ultra-violet  on, 
878;  various  factors  on,  1101 
in  etiolated  plants,  1095 

Chlorophyllogen,  1096;  in  etiolated 
plants,  1097,  1098 

Chlorophylls,  absorption  spectra  of,  1028 

Chloroplasts,  condition  of  chlorophyll  in, 
1093 
effect  of  light,  on  shape  of,   834;  on 
formation  of  pigments  in,    1015- 
1022 

Chromosomal  aberration,  vs  mutation, 
1263 

Chromosomal    alterations,    induced,    in 
maize,    1297-1310;  in  other  plants, 
1281-1295 
nature  of,  1304 

Chromosomal  breakages,  and  gene 
changes,  1192;  maps,  1182;  and 
mutations,  1221 

Chromosomal  deficiencies,  1299 

Chromosomal  interchanges,  1302 

Chromosomal  inversions,  1297 

Chromosomal  rearrangements,  1167, 
1169;  detection  of,  1172,  1182; 
origin  of,  1176 

Chromosomes,  compounding,  1169;  frag- 
mentation, 1169 
influence  of  X-rays  on  disjunction  of, 

1170 
in  maize,  normal,  1297 


Vol.  1  contains  pp.  1  to  676;  Vol.  2,  pp.  677  to  1330. 


SUBJECT  INDEX 


1333 


Chromosomes,  in  salivary  glands,  1189 
Ciliates,  response  to  light,  581 
Cleavage,  effects  of  irradiation  on,  394 
Coagulation,  of  proteins  by  irradiation, 

319 
Coefficient,  defined,  of  correlation,  246; 

of  variation,  238 
Coelenterates,  response  to  light,  586 
Colloids,   protoplasmic,   643    (see  Proto- 
plasm ) 
Colonial  forms,  response  to  light,  582 
Color  vision,  of  Daphnia,  599;  of  insects, 

611 
Competitive  pairing,  1199 
Composition   of   plants,   as   affected  by 

Ught,  732 
in  re  regions  of  spectrum,  771 
Compton  effect,  39,  101 
Corpuscles,  and  waves,  2 
Crossing  over,  cytological  demonstration 

of,  1190;  in  rearrangements,  1198 
Crown  gall,  inhibition  of,  by  radium,  996 
Curve  fitting,  244-250;  exponential,  247, 

248;  straight  line,  246 
Cytological  maps,  1182 
Cj^tology,    of    green    plants,    effects    of 

X-rays,  978 
Cytolysis,  by  ultra-violet,  649;  by  visible 

light,  644 
Cytoplasm,     in     re     irradiation,     1283; 

sensitivity  of,  627 


D 


Dark-growth  response,  1075 
Darkness,    anatomical    effects    (plants), 
830 
effects    on    plants,    727;    composition, 
732;  growth,  form,  and  structure, 
728;  nitrate  utilization,  736;  stem 
elongation,  737 
Day-length,  as  ecological  factor,  706 
Death,  cause  of,  in  irradiation,  1317 
Deficiencies,    chromosomal,    1170,    1175, 
1195;  detection  of,  1172 
in   maize,    1299;  internal,    1301;   ring 
chromosomes,      1301;      terminal, 
1299 
in  re  irradiation,  1292 
Denaturation,  of  proteins  by  radiation, 

310,  314 
Deradiation  response,  999 

Vol.  1  contains  pp.  1  to  676 


Detectors,  absolute,  142 
in  mitogenetic  radiation,  bacteria,  929; 

onion  root  tips,  922;  yeasts,  924 
selective,  190;  black  body  plus  filter, 
191;  photochemical,    197;   photo- 
electric, 193-197 
special,    infra-red,    205;    ultra-violet, 
201;  visibihty,  200 
Deviation,  defined,  average,  233;  stand- 
ard, 233 
Difflugia,  response  to  light,  574 
Diffraction,  8-10 
Dissociation,  heat  of,  273 

of  molecules,  255 
Dormancy,  in  re  photoperiodism,  691 
Dosage,  X-ray,  in  re  mutational  effect, 

1238 
Dosemeters  (X-ray),  calibration  of,  68 
Duplication,   chromosomal,    1170,    1175; 
changes  of  genes  in,  1195;  detection 
of,  1172 


E 


Ear,  irradiation  of,  506 
Earthworms,  response  to  light,  588 
Einstein's  law,  261 

Electric  waves  (short),  in  biolog^^  541- 
558;  apparatus  for,   550;  biological 
effects,  543;  heat  effects,  544;  other 
effects,  546;  synthetic  fever  by,  545 
Electron  pairs,  4 

photons  and,  transmutation  between,  41 
Electrons,  of  internal  orbits,  23 

photons  and,  1-42 
Electrostatic  fields,  (see  Electric  waves) 
Embryonic      cells,      susceptibility,      to 
radium,  411 
to  X-rays,  411 
Embryonic  development,  differential  sen- 
sitivity in,  401 
effects     of     radiation     on,     389-410; 
cleavage,    394;   fertilization,    391; 
gastrulation,  396;  later  stages,  397 
Emission,  of  light,  24 

black  body,  126,  137,  139 
continuous,  sources  of,  carbon  arc,  184; 

sun,  171;  tungsten  filament,  180 
selective,  sources  of,  184 
spectra,  optical,  28;  X-ray,  24 
Emulsoids,  303;  effects  of  radiation  on, 
309 
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Endodermis,  effect  of  light  on,  830 
Energy,  between  atoms,  255 
Energy     relations,     in     photosynthesis, 
1045;  photosynthetic  efficiency,  1045 
Environmental  factors,  and  day-length, 

697 
Enzymes,  absorption  spectra,  1153,  1158, 
1159 
crystalline,  1158,  1159 
irradiation  of,  1151-1165    with  mono- 
chromatic light,   1154;  with  sun- 
light, 1151;  with  ultra-violet,  1154 
Epidermis,  effect  of  ultra-violet  on,  834- 

838 
Ergosterol,  323,  330 

absorption  of  radiation  by,  326 
activation  (irradiation),  323;  discovery 
of,    324;    factors    affecting,    328; 
physical  chemistry  of,  327;  prod- 
ucts of,  329;  temperature  coeffi- 
cient of,  328 
Erythemal  system,  units,  204 
Etiolation,  734,  830;  theories  regarding, 

738;  value  to  plant,  739 
Euglena,  response  to  light,  578 
Eye,  irradiation  of,  505 
Eye  colors,  dominant,  1193 
Eye  spots,  function  of,  579,  583 


Fasciation,  of  green  plants,  by  X-rays, 
974,  976 

Fat,  freed  by  irradiation,  655 

Fermentation,   effects   of,    radiation   on, 
904,     1059-1072;    ultra-violet    light 
on,    1068;    visible    light    on,    1068; 
X-rays  on,  1070 
in  fungi,  904,  905,  908 
heat  effects  in,  1070 

Fertilization,  effects  of  radiation  on,  391 

Filters,  159-170,  276;  Christiansen,  164, 
167,  168;  colored,  in  re  growth  of 
seed  plants,  763;  heat-absorbing, 
162;  monochromatic,  164,  165;  short- 
wave cut-off,  159,  160;  water,  163 

Filtration,  of  gamma  rays,  105;  of  X-rays, 
104 

Flagellates,  response  to  light,  578 

Flower  formation,  effects  of  ultra-violet 
on,  877;  light  intensity  on,  752 
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Flower  and  fruit  development,  effects  of 
X-rays,  976 

Flowering  and  fruiting,  in  re  photo- 
periodism,  685 

Fluorescence,  31-36,  265;  of  bacteria, 
1139;  of  chlorophyll,  1030;  of  plant 
parts  under  ultra-violet,  876 

Fragmentation,  chromosomal,  1169,  1182 
in  re  irradiation,  1282-1284,  1291,  1292 

Frequencies,  7,  13 

Fresnel's  law,  260 

Fruiting,  in  fungi,  895 

Fungi,  effects  of  radiation  on,  889-918; 
form  of  fruiting  structures,  895,  905, 
907;  growth  rate,  890,  897;  myce- 
lium, 889;  pigmentation,  889;  salta- 
tions, 903,  906;  spore  discharge,  901; 
spore  germination,  901,  908;  spore 
production,  898,  908;  zonation,  895 
effects  of  radium  on,  907;  ultra-violet 
on,  889;  X-rays  on,  904 

Fusion,  in  re  irradiation,  1283,  1284,  1291 


G 


Gamma  ray  spectrum,  15 

Gamma  rays,  filtration  of,  105;  ionization 
of  air  by,  114 

Gastro-intestinal  tract,  irradiation  of, 
494;  colon,  499;  esophagus,  495;  gall 
bladder,  500;  liver,  500;  pancreas, 
499;  salivary  glands,  495;  small 
intestine,  496;  stomach,  496;  upper 
portions,  494 

Gastrulation,  effects  of  radiation  on,  396 

Geiger-Miiller  counter,  921,  935 

Gelation,  of  protoplasm,  649 

Gene,  distribution,  1311;  number,  1321; 
size,  1323;  mutations,  1282,  1292 

Gene  changes,  and  chromosomal  break- 
ages, 1192 

Genetic  maps,  1182 

Germination    (seeds,    fruits),    effects    of 
visible  spectrum  on,  791-827;  con- 
ditions modifying,  793;  dosage,  817; 
historical,  791;  regions  of  spectrum 
concerned,     815;     seeds     favorably 
affected,  793,   796;  seeds  inhibited, 
811,  814,  815;  theories  of  action,  818 
of  fungus  spores,  901,  908 
of  seeds,  in  re  ultra-violet,  853;  in  re 
X-rays,  963 
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Gesneriaceae,  effects  of  light  on  germina- 
tion, 796 
Glass,  ultra-violet  transmitting,  869 
Gonadal    system,    irradiation    of,    517; 

ovary,  517;  testis,  517 
Grenz  rays,  79 

Growth    (and   development),   in   plants, 

in  continuous  illumination,  715-725; 

with     supplemental     and     artificial 

illumination,  717 

effects  of  light  intensity  on,  728,  735, 

737,  743 
in  re  regions  of  spectrum,  764 
in  re  ultra-violet,  853,  860 
in   re  ultra-violet   transmitting   glass, 
869 
Growth     movements,      1073-1091      {see 
Phototropism);  effects  of  X-rays  on, 
972 
Gro\\i;h  rate,   of  fungi,   890,   897;  light 
intensity    and,     1076;    wave-length 
and, 1076 
Growth  relations,  in  re  photoperiodism, 

687 
Growiih-response,  to  radium,  999 
Growth  substance,  1083 
Gurwitsch  phenomenon,  921 
Gynandromorphs,  induction  of,  1171 


H 


Haploidy,  1281,  1288 

Heart,  irradiation  of,  501 

Heat,  of  reaction,  254 

Helix,  response  to  light,  594 

Hematopoietic  system,  effects  of  irradia- 
tion on,  511;  bone  marrow,  513; 
coagulating  power,  515;  foreign- 
body  reaction,  515;  red  blood 
cells,  512;  reticulo-endothelial  sys- 
tem, 515;  sedimentation  rate,  516; 
spleen  and  lymph  nodes,  511;  white 
blood  cells,  512 
introduction  of  radioactive  material 
into,  516 

Hemolysins,  364,  372 

Heredity,  in  plants,  effects  of  irradiation 
on,  1004  and  photoperiodic  response, 
701 

Hertzian  waves,  14 

High  voltage,  equivalent,  49,  58;  recti- 
fiers, 44;  wave  form,  effect  of,  47 
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H-ion  concentration,  effects  on  irradia- 
tion of  bacteria,  1128;  of  enzymes, 
1154;  1156,  1158,  1159 

Histological  effects  (plants),  of  darkness, 
830;  of  light  on  tissues,  829;  of 
regions  of  visible  spectrum,  831- 
834;  of  ultra-violet,  834-838;  of 
X-rays,  977 

Huygens'  principle,  4 

Hydrozoa,  regeneration,  413;  effects  of 
radium  on,  419;  effects  of  X-rays 
on,  415 


I 


Illumination,  artificial,  and  day-length, 

695,  700 
Induction,  photoperiodic,  694 
Induction  period,  271 
Infra-red,  14;  chemical  reactions  and,  257 
effect  on  photosynthesis,  1038 
green  plants  and,  841-852;  injury  from, 
849;  transpiration  effects,  846 
Inhibitors,  photosynthesis  and,  1034 
Insects,  response  to  light,  599 
Intensity,  of  radiation,  96;  effective,  110 
distribution,  and  wave-length,  153 
of  total  solar  radiation,  on  horizontal 
surface,   212;  seasonal  variations 
by    weekly    averages,    216,    217; 
daily  variations  by  hourly  aver- 
ages, 219-221;  effect  of  cloudiness, 
223,    224;    variations    with    geo- 
graphical position,  223 
Interchanges,    chromosomal,    in    maize, 

1302 
Intestinal   tract,    494    {See  also   Gastro- 
intestinal tract) 
Inverse  square  law,  96 
Inversion,  chromosomal,  1170;  in  maize, 

1297-1310 
Invertebrates,  response  to  light,  573-623 
Ionization,  by  alpha  particles,  559,  568 
biological  effects  and,  87-122 
energy  absorption  and,  307 
fundamental  character  of,  87 
importance  in  irradiated  organism,  115 
by  light,  18 

significance  of  measurements  of,  111 
by  X-rays,  46 
Ionization  chambers,  calibration  of,  68, 

74 
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Ionization  chambers,  secondary,  73 

standard,  63,  67,  69 
Ionization    currents    (X-ray),    measure- 
ment of,  71 
Ions,  distribution  in  ionized  medium,  90; 
influence  of  quality  on,  94 
recombination,  88 


K 


Kidney,  irradiation  of,  504;  bladder,  499 
Kinetics,  chemical,  266;  photochemical, 
269 


Lambert's  law,  260 
Laws,  photochemical,  259 
Leaves,  of  green  plants,  effects  of  X-rays 
on,  973 
optical  properties  of,  779,  1022 
Lethal  dose,  statistical  treatment  of,  241 
Leucophyll,  1095,  1098 
Light,  artificial,  effects  on  seed  plants, 

867;  growth,  717;  structure,  720 
Light,  effects  on,  permeability,  739,  742; 
root  development,  733,  736,  744;  use 
of  food  reserves  in  plants,  731 
mechanical  equivalent  of,  133 
of  optical  spectrum,  production  of,  28- 
36;  electrical  means,   28;  optical 
means,  31 
Light,   visible,    anthocyanin    and,    1110; 
chlorophyll  development  and,  1093; 
measurement  of,  123-209;  sensitiza- 
tion of  proteins  to,  313 
effects    on,    bacteria,    1127;    enzymes, 
1151;  fermentation,    1068;   fungi, 
889;  permeability  of  protoplasm, 
628,    644;    plant    tissues     (histo- 
logical),    829,     831;     respiration, 
1059;     seed     plants,     763;     seed 
germination,  791 
Light-growth  reaction,  740 
Light-growth  responses,  1074  (see  Photo- 

tropism) 
Light  intensities,  effects  on,  chemical 
reactions,  274;  chlorophyll  develop- 
ment, 735,  745;  etiolated  plants,  734; 
flowering,  752;  growth  and  develop- 
ment, 743;  "hght-growth"  reaction, 
740;  mineral  nutrition,  750;  miui- 
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mum  requirements,   754;  resistance 
to  drought,   754;  seed  plants,   727; 
transpiration,  752;  winter  hardiness, 
754 
measurement  of,  276 

Light   periods,    abnormal,   in  re   photo- 
periodism,  700 

Light  sources,  171,  184,  276 

Limax,  response  to  light,  594 

Lithophane  units,  838 

Long-day  and  short-day  plants,  definition 
of,  683 

Loranthaceae,  effects  of  light  on  germina- 
tion, 793 

Lumisterol,  329,  330 

Lungs  and  heart,  irradiation  of,  501 

Lythrum,  effects  of  light  on  germination, 
809 


M 


Maize,  induced  chromosomal  alterations 
in,  1297-1310 

Maps,  cytological  and  genetic,  1182 

Matter,  influence  of,  on  radiation  in- 
tensity, 99;  on  radiation  quality, 
100,  104 

Matter  and  radiation,  interaction  of,  93; 
secondary  phenomena,  101 

Maxwell-Boltzmann,  distribution  law, 
254 

Mean,  arithmetic,  computation  of,  234; 
defined,  233 

Measurements,  of  irradiation  effects, 
statistical  treatment  of,  232 

Median,  defined,  233 

Mercury  arc,  154,  185-187;  plus  filter,  166 

Mitogenetic  radiation,  919-959;  bacteria 
as  detectors  of,  929;  biological 
materials  and,  930;  characteristics 
of,  920;  earlier  experiments,  921; 
mycetocrit  technique  in,  927;  onion 
root  tips  as  detector  of,  922;  physical 
methods  in,  933;  physical  properties 
of,  936;  secondary  radiation  in,  932; 
yeast  as  detectors  of,  932 

Mode,  defined,  233 

Molluscs,  response  to  light,  592 

Monochromatic,  irradiation  of  materials, 
158;  measurements,  149 

Monochromatic  light,  wave-length  meas- 
urement of,  8 
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Monochromators,  276 

Monosomies,  1281,  1290 

Morphological  effects,  in  re  photoperiod- 
ism,  692 

Morphology,  of  fungi,  in  re  irradiation, 
895,  908 
of  green  plants,  in  re  X-raj's,  973 

Motor  responses,  to  light,  in  invertebrate 
animals,  573-623 

Muscles,  irradiation  of,  518 

Mutability,  in  re  irradiation,  species 
differences,  1270 

Mutation  (in  animals),  1209-1261;  and 
chromosomal  breakage,  1221;  char- 
acteristics of  the  process,  1213; 
"group  effects"  in,  1225;  lethal 
mutation  rate,  1229;  localized  occur- 
ence, 1219;  nature  of  process,  1250; 
"position  effect"  and,  1222;  quanti- 
tative study  of,  1211;  rate,  1227; 
rate  in  different  tissues,  1230;  rates 
at  different  loci,  1213;  relation 
between  lethal  and  viable,  1227; 
spontaneous,  causes  of,  1248;  sta- 
bility in  an  allelomorphic  series,  1216 

Mutation,  in  re  irradiation  (in  animals), 
1209-1261;  "direct  effects,"  1246; 
discovery  of  effect,  1210;  induced 
changes  of  susceptibility,  1244;  in- 
tensity relations,  1238;  mode  of 
action,  1236;  quantum  theory  of 
absorptions,  1311;  time  factor,  sec- 
ondary reactions,  1243;  wave- 
length dependence,  1241 

Mutation  (in  plants),  vs  chromosomal 
aberrations,  1263;  effective  radia- 
tions, 1268;  effects  of  radium  rays 
on,  1004;  gene,  1282;  induced  by 
radiation,  1263 

Mya,  response  to  light,  592 

Mycetocrit  technique,  in  mitogenetic 
radiation,  927 


N 


Nemertina,  regeneration  in,  430 

effects  of  X-rays  on,  430 
Neon  lamps,  effects  on  green  plants,  722 
Nerve  tissue,  irradiation  of,  507 
Nondisjunction,  1171 
Nucleus,    sensitivity   of,    to   irradiation, 
627,  1312 
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Nutrient  medium,  radiation  and,  with 
fungi,  893,  902,  906-909;  with  bac- 
teria, 1129 

Nutrition,  mineral,  and  light  intensity, 
750 


O 


Onagraceae,  effects  of  light  on  germina- 
tion, 806 

Onion  root  tips,  in  mitogenetic  radiation, 
as  detectors,  922 

Oscillator,  half -wave,  555;  push-pull,  554 


Pecten,  response  to  light,  593 
Percentages,  statistical  treatment  of,  227 
Perinealiility,    cellular,    effect   of  visible 
light  on,  628,  644;  of  radium,  634;  of 
X-rays  on,  637;  of  ultra-violet  on, 
633 
pH  {see  H-ion  concentration) 
Phacelia,  effects  of  light  on  germination, 

811 
Phosphorescence,  36;  effects  of  radiation 

on,  in  fungi,  909 
Photocatalyst,  270 
Photocell,  194,  196 
Photochemical,  calculations,  280 
factors,  effects  of,  271 
kinetics,  269 
phenomena,  263 

reactions,  282;  acetone,  282;  acetylene, 
282;  aldehydes,  283;  ammonia, 
284;  anthracene  polymerization, 
284;  bromination  of  cinnamic  acid, 
286;  bromine-hydrogen,  287;  chlo- 
rination  of  benzene,  287;  chlorina- 
tion  of  trichlorobromo-methane, 
291;  chlorination  of  tetrachloro- 
ethylene,  288;  chlorine-hydrogen 
combination,  289;  Eder's  reaction, 
291;  fulgides,  291;  fumaric  maleic 
acid  isomerization,  292;  hydriodic 
acid,  293;  hydrogen  peroxide,  292; 
impurities  and,  275;  intensity  and, 
274;  iodine  and  ferrous  ion,  294: 
laws,  259;  mercury  vapor,  294; 
monochloro-acetic  acid  hydrolysis, 
294;  nitrate  ion,  296;  nitrogen 
dioxide,  294;  nitrogen  pentoxide, 
676;  Vol.  2,  pp.  677  to  1330. 
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295;    oxalic    acid    sensitized    by 
uranyl  ion,  297;  oxidation  of  ions 
by  dissolved  oxygen,  296;  ozone, 
298;  persulfate  ion,  299 
technique,  275 
temperature  and,  271 
theory  of,  253 
wave-length  and,  272 
Photochemistry,  253-302 
Photodynamic    agents,     effects    of,     on 
irradiation    of,    bacteria,    1140;   en- 
zymes, 1155,  1157;  organic  products, 
346,  347,  356 
Photoelectric  effect,  of  metals,  10 
Photon  energy,  measurement  of,  10 
Photons,  1,  256;  electrons  and,  1-42 
Photoperiodic  aftereffect,  in  plants,  694 
Photoperiodism,   677-713;  discovery  of, 

679 
Photosynthesis,     bacteria     and,      1050; 
chemical  inhibitors  and,  1034;  com- 
pensation   point    of,    1037;    energy 
relations  of,  1045;  energy  transfer  in, 
1049 
effect   of,    chlorophjdl    content,    1035; 
changes    in     illumination,     1037; 
previous     treatment     of     plants, 
1036;    temperature,     1034;    light 
intensity,  1032 
efficiency  of  photosynthetic   reaction, 

1045,  1046 
inhibition    by    high    light    intensities, 

1033 
in  intermittent  light,  1043 
internal  factors  in,  1035 
light  factor  in,  1015-1058 
light  intensity  utilizable  in,  1038 
mechanism  of,  1040 
possibility  of,  in  infra-red,  843 
quanta  used  in,  1047 
rates  of,  effect  of  wave-length,   1038; 
infra-red,  1038;  ultra-violet,  1039; 
visible  light,  1039 
reactions  in,  mechanism  of,  1040 
wave-length  limits  of,  1040 
Phototropism,  1073-1091 
dark-growth  response,  1075 
growth  substance,  1083 
light  intensity  and,   1076;  sensitivity, 

1081;  wave-length,  1076 
light-growth  response,  1074 
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Physical   properties,    mitogenetic    radia- 
tion, 936 
Physiological  properties,  904,  908 
Physiological    responses,    in    plants,    to 

radium,  995 
Pigmentation,   protective  action   of,   on 

fungi,  889,  902 
Pigments,    anthocyanin,     1109;    chloro- 

plast,  1015,  1021 
Planck's  constant,  262,  280 
Poa,  effects  of  light  on  germination,  801 
Polonium,  as  source  of  alpha  particles,  561 
Polyploidy,  1281,  1288,  1289 
Polysomics,  1281,  1290 
Porifera,  regeneration  of,  412 

effects  of  X-rays  on  reunition  in,  413 
Position  effects,  in  chromosomes,  1196 
Precipitin,  effect  of  irradiation  on,  367, 

375 
Proteins,  absorption  of  radiation  by,  305, 
307 
coagulation  of,  by  radiation,  318 
denaturation,  by  irradiation,  310,  314 
effect  of,  radiation  on,  303-322;  ultra- 
violet on,   305,   310;  X-rays  and 
radium  on,  307,  314 
isoelectric  points,  304 
primary  and  secondary  light  reactions, 

316 
sensitization  to  visible  light,  313 
Protochlorophyll,  1096 
Protoplasm,  effects  of  radiation  on,  625- 
676 
permeability  of,  in  re  radium,  634,  643; 
X-rays,     637;    ultra-violet,     633; 
visible  light,  628 
viscosity   of,    643;   in  re   X-rays   and 
radium,     650;    ultra-violet,    645; 
visible  light,  644 
Provitamin  D,  325,  326 
Pyrheliometry,  standard  of,  211 


Q 


Quantum     action,     probability     theory, 
1312,  1313,  1316;  single  absorption, 
1313;  multiple  al)sorptions,  1313 
Quantum-hit    theory,    fungi    and,    892; 

bacteria  and,  1138 
Quantum  theory,  261 

of     absorptions,     biological     aspects, 
1311-1330 
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Quantum     yield,     calculation     of,     280; 

interpretation  of,  281 
Quartile  limits,  defined,  233 


R 


Radiation,    effective    quantitj^    of,    117; 
effective  intensity  of,  110;  influence 
of  matter  on  intensity  of,  99;  ions  in 
living  matter  and,  94 
intensity,  and  inverse  square  law,  96 
matter  and,  interaction  of,  93;  second- 
ary phenomena,  101 
sources  of  {see  Black  body),  arc  and 
spark,  189,  190;  carbon  arc,  184; 
commercial    lamps,    183;    helium 
plus    filter,    167;    hydrogen    plus 
filter,  167;  mercury  arc,  154,  185- 
187;  mercury  arc  plus  filter,  166; 
sun,     171-180     {See     also     Solar 
radiation);  tungsten  (radiance  of), 
137,  (properties  of)  181 
types  of,  257 
Radio  waves  (short)  {see  Electric  waves) 
Radiometers,  145 

Radium,    biological   effects,    qualitative, 
459;  quantitative,  461 
effects  on,   chromosomal  alternations, 
1284,  1290;  cleavage,  395;  differ- 
ential sensitivity  in  development, 
401 ;  embryonic  development,  389- 
410;  fermentation,   988;  fertiliza- 
tion, 391;  fungi,  907;  gastrulation, 
396;  growth-response,  999;  hered- 
ity,   1004;   mutation,    1263-1280; 
permeability  of  protoplasm,  634; 
physiological       responses,       995; 
plants,    987-1013;    proteins,    307, 
314;  respiration,  988,  1001,  1065; 
viscosity  of  protoplasm,  650 
"fertiUzers,"  991 
measurement,  1,  81 
regeneration  effects,  411-457  {See  also 

Regeneration) 
units  of  intensity,  990 
wave-length  dependence  of,  459;  test 
objects,  463 
Radon,  as  source  of  alpha  particles,  560 
Raman  effect,  37 

Ranunculus,  effects  of  light  on  germina- 
tion of,  805 
Reaction,  surface  participation,  648,  654 

Vol.  1  contains  pp.  1  to  676 


Reactions,  photochemical,  253,  282  {see 

Photochemical  reactions) 
Reflection,  of  light,  by  leaves,  779 

of  ultra-violet,  by  plant  tissues,  874 
Reflectors,  170 
Refraction,  4 

Regeneration,     effects     of     radium,     in 

Amphibia,  438;  in  Chaetopoda,  435; 

in  Hydrozoa,  419;  in  Tunicata,  437; 

in  Turbellaria,  421 

effects  of  X-rays,  in  Amphibia,  437;  in 

Chaetopoda,    435;    in    Hydrozoa, 

415; in  Nemertina,  430;  in  Porifera, 

412;  in  Turbellaria,  419 

effects  of  X-rays  and  radium  on,  411- 

457 
physiological,    as  affected   by   X-rays 
and  radium,  450 
Resonance  radiation,  32 
Respiration,   effects  of  radiation   on,   in 
fungi,  904,  908;  in  plants,  1059-1072 
effects  of  radium  on,  1065;  ultra-violet 
on,    1062;  visible  light  on,    1059; 
X-rays  on,  972,  1063 
Responses,  of  invertebrates  to  light,  573- 
623 
in  re  photoperiodism,  677 
in  re  phototropism,  1074 
of  plants,  to  radium,  995 
Reticulo-endothelial  system,   irradiation 

of,  481 
Rhizopods,  response  to  light,  573 
Roentgen,  definition  of,  62;  measurement 
of,  66 
ra3^s  {see  X-rays) 
Roentgenometers,  68 
Root   development,   effect  of,   light   on, 
733,  736,  744;  X-rays  on,  968 
formation,  in  re  photoperiodism,  689 

S 

Saltations,  in  fungi,  903,  906 

Salts,  protective  action  of,  in  irradiation, 

1155 
Sampling  error,  of  frequency  constants, 

237;  of  a  percentage,  229 
Saponins,  irradiation  of,  345 
Scattering,    of    light,    with    change    of 

frequency,    37;    without    change    of 

frequency,  36 
of  X-rays,  39 
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Schumann  region,  15 

Screens,   colored,   in  re  growth  of  seed 

plants,  763  (.see  Filters) 
Seed,  effect  of  light  on  utilization  of  food, 
731 
germination  (see  Germination),  effects 
of,  ultra-violet  on,  853;  X-rays  on, 
963 
plants,    under    artificial    illumination, 
867;  daylight  minus  ultra-violet, 
863;  ultra-violet,  853-887 
Seedlings,  in  re  ultra-violet,  853 
Segmental  interchange,  1169,  1177 
Self-reversal,  in  emission  spectra,  30,  31 
Senders,   of  mitogenetic  radiation,   940; 
bacteria  as,  922,  941;  onion  root  tips 
as,  922;  yeast  as,  941 
Senescence,  in  re  photoperiodism,  691 
Sensitive  spot  hypothesis,    1312,    1317- 
1323;  gene  number,  1321,  1322;  gene 
size,    1323;    mechanism    of    action, 
1317,  1320 
Sensitivity,    to   irradiation,    of   bacteria, 
1133;  biological  variation  of,    1316, 
1325;    significance    of   variation    of, 
1324;    in    embryonic    development, 
401 
of  plants,  to  radium,  993;  to  X-rays, 

970 
in  phototropism,   1081;  base  response 
to    light,    1081;    tip    response    to 
light,  1081 
Skin,  irradiation  of,  477 
Solar  radiation,  126,  171-180,  211-226 
intensity,  at  normal  incidence,  212 
intensity    variations,    with    air    mass, 
213,  215;  with  altitude,  213;  with 
seasons   of  year,   214;   with   geo- 
graphical position,  222,  223 
pyrheliometric  standard  of,  211 
Spark  lines,  31 

Spectra,  band,  258;  types  of,  258;  con- 
tinuous, discontinuous,  273 
Spectral  analysis,  mitogenetic,  938 
Spectral    regions     (visible),    absorption, 
etc.,  by  leaves,  779 
effects  on,  seed  plants,   763-790;  ab- 
sorption  of  inorganic  salt.s,   778; 
anthocyanin  formation,  777;  chem- 
ical composition,  771;  growth  and 
development,    764;    stomatal    be- 
havior, 775;  transpiration,  773 
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Spectrum,  gamma  ray,  15;  regions  of,  14 

Spores,  of  fungi,  898,  908 

Standard  deviation,  defined,  233;  of 
difference,  230,  237;  of  frequency 
constants,  238;  of  point  binomial, 
229 

Standard  error,  of  coefficient  of  variation, 
238;  of  mean,  237;  of  standard  devia- 
tion, 237 

Stationary  spates,  16-19 

Statistical  treatment,  of  irradiation  prob- 
lems, 227 

Stele,  effect  of  light  on,  830,  832 

Stems,  of  green  plants,  effects  of  X-rays 
on,  974 

Stentor,  response  to  light,  581 

Sterols,  activation  of,  324,  333 

Stimulation,  mitogenetic,  919 

radiation  and,  with  fungi,  893,  899,  905, 

908 
by  radium  rays,  995 
by  X-rays,  with  green  plants,  962-968 

Stokes'  law,  33 

Stomatal  behavior,  in  re  regions  of 
spectrum,  775 

Structure,  of  plants,  and  light  intensity, 
728 

Sun,  171  {See  also  Solar  radiation); 
luminous  equivalent  of  energy,  180; 
spectral  distribution  from,  126,  174, 
175;  total  radiation,  variability  of, 
172,  173;  ultra-violet  radiation  from, 
176,  177,  179 

Sunlight,    continuous,    effects    on    green 
plants,  715,  722 
effects  on  bacteria,  1120 

Suprasterol,  330,  332 

Survival  curves,  fungi  and,  891-893, 
905-907 

Suspensoids,  303;  irradiation  and,  308 


Tachysterol,  329-331 
Temperature,     anthocyanin      formation 
and,   1113;  photochemical  reactions 
and, 271 
radiation  and,  with  fungi,  893,  894,  900, 
903 
Temperature  coefficient,   268;  of  ultra- 
violet inactivation  of  bacteria,  1128 
;  Vol.  2,  pp.  677  to  1330. 
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Terms,  21 

Tetraploids,  in  re  irradiation,  1288,  1289 

Thermocouple  technique,  144 

Thermopiles,  277 

Toxins,  bacterial,  in  vitro  irradiation,  347 

Toxisterol,  330,  332 

Translocations,  chromosomal,  1284,  1291; 

reciprocal,  1169,  1178;  simple,  1169, 

1178 
Transmission,     by    leaves,    of    spectral 

regions,  779 
of  ultra-violet,  by  glass  screens,  869 
Transmutation,    by    X-rays,    in    plants, 

1273 
Transpiration,  effects  of,  light  intensity 

on,  752;  radiation  on,  in  fungi,  904 
of  green  plants,  in  infra-red,  846 
by  leaves,  in  re  regions  of  spectrum,  773 
Triploids,  in  re  irradiation,  1288,  1289 
Trisomies,  in  re  irradiation,  1290 
Tropisms,   in  fungi,   in   re  radium,   909 

{See  Motor  responses  and  Phototro- 
pism) 
in  response  to  radium,  994,  999 
Tubers,  formation,  in  re  photoperiodism, 

689 
Tubicolous  annelids,   response  to  light, 

587 
Tungsten,  properties  of,    181;  radiance, 

137 
Tungsten  filament,  radiation  source,  180 
Tunicata,  regeneration  of,  436;  effects  of 

radium  on,  437 
Turbellaria,  regeneration  of,  419;  effects 

of  radium  on,  421;  effects  of  X-rays 

on,  419 
response  to  light,  590 

U 

Ultra-violet,  15 

absorption,  by  bacteria,  1130;  by 
enzymes,  1153,  1158;  by  proteins, 
305;  and  reflection,  by  plant  tis- 
sues, 874 

anthocyanin  formation  and,  878,  1114 

chemical  reactions  and,  257 

dayUght-lacking,  effects  on  seed  plants, 
863 

effects  on,  anatomical  structure,  877; 
bacteria,  1121;  chlorophyll,  878, 
1099;  emulsoids,  310;  enzymes, 
1152;  fermentation,    1068;  flower 
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formation,   877;   fungi,   889;   ger- 
mination, 853;  mature  plants,  860; 
media,  1 129;  permeability  of  proto- 
plasm, 633,  645;  photosynthesis, 
1039;    plant    tissues,     829,     834; 
proteins,    305,    310;    respiration, 
1062;  seed  plants,  853-887;  sus- 
pensoids,  308 
ergosterol,  irradiation  with,  323 
fluorescence  of  plant  parts  and,  876 
measurement  of,    123,    192,    197,  201; 

from  the  sun,  176-179 
mitogenetic  source  of,  919,  920 
phenomena,  201 
plus  daylight,  effects  on  seed  plants, 

864 
short  wave,  effects  on  seed  plants,  861 
special  glass  transmitting,  869 
of  sunlight,  176 
Units,    131;    A,    wave-length,    etc.,    13; 
measurements  and,  130 


Vacuolization,  649,  654,  657 

Venoms,  irradiation  in  vitro,  342;  in  vivo, 
376-377 

Visibility,  relative,  132;  maximum  abso- 
lute, 133;  sensitivity  curve  of,  200 

Visible  light  {see  Light,  visible) 

Vision,  of  Daphnia,  599;  of  insects,  610; 
sensitivity  curve  of,  200 

Vitamin,  antirachitic,  324 

Vitamin  D,  323,  324,  329-331;  multiple 
nature  of,  326,  333;  origin  in  nature; 
333;  production,  from  ergosterol,  323 

Vitamins,  and  radiation,  323-340 

Volvox,  response  to  light,  582 


W 


Water,   transmission,    163;   transmissive 

exponents,  126 
Wave-length,   effect   on   photosynthesis, 
1038 
and  intensity  distribution,  of  radiation, 

153 
mitogenetic  radiation  and,  919,  938 
monochromatic  measurement  of,  8 
photochemical  influence  of,  272 
units  of,  13 

of  X-rays,  biological  dependence,  459 
;  Vol.  2,  pp.  677  to  1330. 
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Wave-length,    of    X-rays,    effectiveness, 
459-471;    qualitative,    459;    quanti- 
tative, 461 
of  X-rays,  in  re  mutation,  1241 

Waves,  and  corpuscles,  2 

Winter  hardiness,  effects  of  light  intensity 
on,  754 

Worms,  response  to  light,  587 


X 


X-ray,   absorption   curve,    48;   standard 
absorption  curves,  52 

dosemeters,  calibration  of,  68 

effects  of  voltage  wave  form,  47 

generators,  high  voltage,  44 

ionization  chambers,  63,  67,  69,  73 

ionization  currents,  measurement  of, 
71 

low  and  high  voltage,  measurement  of, 
79 

measurement  of,  62 

output,  measurement  of,  78 

production,  43 

quality,  measurement  of,  45,  66; 
secondary  methods  of  expressing, 
59 

quantity,  international  definition  of,  62 

spectral  distribution,  46 

standards  adopted,  65 

tubes,  43,  67 
X-rays,  15;  absorption,  22 

"back  scatter,"  102 

biological  effects  (qualitative),  459; 
(quantitative),  461 

chemical  reactions  and,  257 

and  chromosomal  alterations  in  maize, 
1298;  deficiencies,  1299;  inter- 
changes, 1302;  inversions,  1298; 
nature  of  alterations,  1307 

and  chromosomal  alterations,  in  plants, 
1282-1284,  1289,  1291 

degeneration  of,  101 

distribution  of  ions  in  living  matter,  94 


X-rays,  effective  intensity  of,  1 10 
effective  quantity  of,  117 
effects  on,  bacteria,  1135;  cleavage, 
394;  differential  sensitivity  in 
embryonic  development,  401, 
(later  stages)  397;  fermentation, 
1070;  fertilization,  389;  fungi,  904; 
gastrulation,  396 

effects  on,  green  plants,  961-985; 
cytology,  978;  flower  and  fruit 
development,  976;  germination, 
963;  histology,  977;  morphology, 
973;  physiology,  962;  respiration, 
972,  1063 

emission  spectra  of,  24 

filtration  of,  104 

influence  of  matter,  on  the  intensity  of, 
99;  on  the  quality  of,  100 

intensity  of  and  inverse  square  law,  96 

in  re  mutation  (in  animals),  1209; 
"direct  effects,"  1246;  discovery  of 
effect,  1210;  induced  changes  of 
susceptibiHty,  1244;  intensity  rela- 
tions, 1238;  mode  of  action,  1236; 
time  factor,  secondary  reactions, 
1243;  wave-length  dependence, 
1241 

in  re  mutation  (in  plants),  1263-1280; 
nature  of  transmutation,  1273 

production  of,  25 

in  protein  irradiation,  307,  314 

regeneration  effects,  411-457  {see 
Regeneration) 

scattering,  39 

wave-length  dependence  of,  459 


Yeast     in     mitogenetic      radiation,      as 
detectors,  924;  as  senders,  941 


Zonation,  in  fungi,  895 
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